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ABSTRACT 
 
The genes in alpha (α)- and beta (β)- globin clusters constitute a functional 
haemoglobin molecule, crucial for oxygen transportation. In most fish and amphibians, 
α- and β-globin genes are located together, whereas in amniotes (birds and mammals), 
there are two distinct clusters. Several complex models have been proposed to explain 
the evolution of these gene clusters. However, there was a lack of data for key positions 
in amniote phylogeny to discern which one was most parsimonious. Therefore, the main 
aims of this project were to characterise α- and β-globin clusters and their regulatory 
regions in a monotreme Ornithorhynchus anatinus (Australian duck-billed platypus) 
and two reptilian species Pogona vitticeps (Australian bearded dragon) and Anolis 
carolinensis (green anole lizard), to gain insight into globin loci evolution. This thesis is 
presented as a collection of research papers covering each topic, and a review and 
discussion that summarises my research.  
 
The first paper (Chapter 2) reports a comprehensive study on the characterisation, 
expression and evolution of α- and β-globin gene clusters in the platypus, using a 
combination of molecular and bioinformatics approaches. The most important findings 
from this work leading to the development of a new and simple model for globin gene 
evolution concerned the discovery of a β-like globin gene within the α-globin cluster 
and genomic context analysis of α- and β-globin clusters across vertebrates. I showed 
that the amniote α-globin cluster is in fact the same as the α-β cluster found in fish and 
amphibians, and both clusters share common flanking genes (C16orf35 and LUC7L). I 
proposed a transposition model in which a copy of β-globin gene was inserted into a 
cluster of olfactory receptors (flanked by RRM1, CCKBR and ILK) in the ancestor of 
amniotes, thus originating the amniote β-globin cluster. To elaborate this model further, 
my second paper (Chapter 3) reviews some events that could have led to this 
transposition, and their effects on the current fate of regulation.  
 
Information on the organization of globin genes in reptiles was required to test this 
transpositional model. I looked into the globin gene organization in the green anole 
using a bioinformatics approach and in the bearded dragon using a molecular approach. 
The results are reported in Chapter 4 and my third paper, which describe how 
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fragmentary data from the green anole genome sequence assembly and mapping data 
from bearded dragon provided further evidence to support my proposed model for the 
evolution of the β-globin gene cluster in amniotes.  
 
I also studied the evolution of regulatory regions of the platypus α- and β-globin 
clusters to address the question whether the translocation of the β-globin locus resulted 
in a transposition of its regulatory region, or whether a new regulatory region evolved as 
a result of this translocation (reported in the fourth paper, Chapter 5). By using some 
novel techniques, I showed that the platypus α-globin has a major regulatory element 
that is conserved with other jawed vertebrates, whereas the regulatory regions of their 
β-globin cluster do not show any conservation at the sequence level to those of birds 
and therian mammals. This suggested that the regulatory regions of amniote β-globin 
genes evolved either more rapidly (more substitutions) or more extensively (e.g. more 
rearrangements) from a common ancestral regulatory region. Alternatively, these 
regulatory regions may have independent origins in different amniote lineages. 
 
In my final chapter, I discuss the overall implications of my findings on this area of 
research. I highlight the special value of studying non-model species mammals and 
reptiles, by which researchers are able to gain novel information about globin evolution 
and regulation. 
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LIST OF ABBREVIATIONS 
 
There has been inconsistency in referring to globin gene names in various species and 
literature. Previous studies referred to α- and β-globin genes based on their Greek 
names but recent studies refer to them according to standard nomenclature, as specified 
by Aquileta et al. (2006b) shown below. My first publication (Chapter 2) uses Greek 
names, whilst the other chapters adopt standard nomenclature to avoid confusion. Note: 
I use generic ‘α-globin’ or ‘β-globin’ to refer to the entire globin clusters that contain 
many ‘α-like’ and β-like’ globin genes but I use the standard nomenclature indicated 
below in italics when I refer to a specific gene contained in these clusters. I also use 
Greek names for fish and frog globin genes because they are les well characterised then 
amniote globin genes. A gene name followed by ‘–ps’ refers to a pseudogene.  
 
Greek names Standard Nomenclature 
π HBP 
ζ HBZ-T1 (subunit 1 of HBZ) 
ζ′ HBZ-T2 (subunit 2 of HBZ) 
αD or µ HBK 
αA HBA 
α1 HBA-T1 (subunit 1 of HBA) 
α2 HBA-T2 (subunit 2 of HBA) 
α3 HBA-T3 (subunit 3 of HBA) 
θ HBQ 
ω HBW 
ε HBE 
γ HBG 
δ HBD 
β HBB 
βH HBB-T1 (subunit 1 of HBB) 
βA HBB-T2 (subunit 2 of HBB) 
βI HBB1 (refers to βI chain) 
βII HBB2 (refers to βII chain) 
η HBH 
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 CHAPTER 1: INTRODUCTION 
 
Comparative Genomics 
The new era for DNA technology began with the sequencing of our own species, Homo 
sapiens, in order to decode the genetic make-up and to understand human development, 
physiology, medicine and evolution (2001). However, the human genome sequence, 
while an extremely valuable resource, was difficult to interpret on its own and the need 
to sequence genomes of other vertebrate species for comparisons was identified as a 
crucial step for annotation of the human genome and to facilitate studies into genome 
evolution (Green, 2007). 
 
Since then, more than 50 vertebrate species have been sequenced, with some receiving 
high coverage (>6 times) and others receiving low coverage (less than 2 times). As of 
release 60 (8 November 2010), Ensembl supports 56 species, including five 
preliminarily (Flicek et al., 2010) and the numbers are increasing rapidly. This enables 
researchers to perform multi-species sequence alignment, which can reveal 
evolutionarily conserved (presumably functional) sequences shared by closely- and 
distantly- related species. Genome sequencing technology has, therefore, created the 
foundation for comparative genomics. Armed by increasingly powerful bioinformatics 
tools, researchers are now beginning to understand how the genome is functionally 
interpreted, and how it evolved over time.  
 
Globin genes are classic examples of the duplication and diversification of genes, and 
provide an ideal model for the use of comparative genomics to understand function and 
evolution. For example, comparative analysis of globin genes in multiple species can 
help identify, as well as conserved genes, regulatory regions that control the timing and 
expression of these globin genes during development. It can also allow us to reconstruct 
the sequence of an ancestral globin gene in an ancestral vertebrate, and to trace changes 
that occurred in the evolution of specialised forms and functions of globins. This would 
then help us explain how duplicate genes acquired different functions, and provide 
information about mechanisms affecting their regulation. This information, for example 
in haemoglobin (Hb) genes, can then facilitate potential medical and clinical 
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applications to test and treat diseases associated with globin abnormalities. Thus, it is of 
great interest to compare the structure and sequence of globin genes in all vertebrates.  
 
In this chapter, I present an up-to-date summary on vertebrate globins, with an emphasis 
on Hb genes. Details of human Hb genes, their synthesis, regulation and diseases 
associated with globin abnormalities, are also presented in order to understand the 
importance of such genes and proteins to us and to medical research. Next, the structure, 
organization and regulatory regions of Hb genes are compared across jawed vertebrates 
previously studied to chart the evolutionary history of Hb genes and to identify gaps in 
the evolutionary record. Finally, I list my aims, and present an outline of the 
manuscripts and published articles that make up the body of this thesis. 
 
Globin diversity 
Globins are a family of small haem-proteins that bind oxygen and other gaseous ligands 
between the iron-ion of the porphyrin ring and usually a histidine of the polypeptide 
chain (Dickerson and Geis, 1983). There are many large and diverse families of globins. 
Two are particularly well-studied models for protein functions and gene family 
evolution (Dickerson and Geis, 1983, Goodman et al., 1987); myoglobin (Mb), which 
either transports or stores oxygen in the myomers of the striated and cardiac muscle, 
also detoxifies nitric oxide (Wittenberg and Wittenberg, 2003), and Hb, which binds 
and transports oxygen between tissues. More recently, other globin gene families have 
been discovered, including cytoglobin (Cygb), neuroglobin (Ngb), globin E (GbE), 
globin X (GbX), globin Y (GbY). These add further interest to globin studies, although 
little is known yet of their physiological functions (Burmester et al., 2000, Kawada et 
al., 2001, Burmester et al., 2002, Trent and Hargrove, 2002, Kugelstadt et al., 2004, 
Roesner et al., 2005, Fuchs et al., 2006). 
 
Phylogenetic studies group all globins into two distinct clades. The globins in one clade, 
containing Ngb and GbX, are ancient and are more closely related to annelid 
intracellular globins than to other vertebrate globins. The other clade contains 
vertebrate-specific globins such as Mb, Cygb, GbE, GbY and Hbs of jawed vertebrates 
(gnathostomes) and jawless fish (cyclostomes) (Burmester et al., 2000, Burmester et al., 
2004, Roesner et al., 2005, Fuchs et al., 2006).  
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Figure 1: Evolution of vertebrate-specific globins 
(A) Phylogenetic relationship between neutroglobin (Ngb), Cytoglobin (Cygb), Myoglobin 
(Mb), Globin X (GbX), Globin Y (GbY), Globin E (GbE), and Haemoglobin (Hb) of 
gnathostomes and cyclostomes grouped them into two distinct clades. Adapted from Hoffmann 
et al. (2010a); (B) Detailed model showing the evolution of Hb, Mb and Cygb in vertebrates. 
According to this model the ancestral single-copy globin gene at the stem of the vertebrate 
lineage duplicated to produce two descendent gene lineages; one gave rise to Hb (α and β) in all 
gnathostomes (left branch) but was secondarily lost in cyclostomes, and the other gave rise to 
Mb and Cygb gene lineages (right branch). However, in cyclostomes Mb was secondarily lost. 
During their evolution both lineages independently acquired similar physiological function of 
oxygen transportation (denoted by orange line, one in the Hb lineages of gnathstomes at about 
500 MYA and the other in cytoglobin lineage (referred as Hb) of cyclostomes at around similar 
time. According to this model, cyclostome Hbs are not orthologous to gnathostome Hbs but are 
orthologous to gnathostome Cygbs. Adapted from Hoffmann et al. (2010a). 
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The phylogenetic relationship and evolution of vertebrate globins still remains 
controversial but the recent study performed by Hoffmann et al. (2010a) grouped them 
into four main clades: (i) cyclostome Hb + Cygb, (ii) Mb + GbE, (iii) GbY, and (iv) 
gnathostome Hb (Figure 1A). These different globin genes evolved and diversified 
further to adapt to the atmospheric oxygen levels, and requirements for oxygen in 
different species and at different developmental stages. Each of these then acquired 
specialised functions such as oxygen transportation or storage, nitric oxide metabolism 
or detoxification, other enzymatic function, collagen synthesis or electron transfer 
(Burmester et al., 2004, Fago et al., 2004, Burmester et al., 2007, Trandafir et al., 2007). 
According to Hoffmann et al. (2010a) Hb in gnathostomes and cyclostomes evolved 
independently and acquired similar function (Figure 1B).  
 
Haemoglobin 
Among globin families, the oxygen-carrying protein Hb has been of extreme interest for 
many decades. It was first discovered by Hünefeld in 1840 and since then it has been 
among the first few proteins to be studied extensively to understand the crystallographic 
structure, structure-function relationship of proteins, structural transitions between 
conformers, ligand binding, allosteric interactions, relation between mutation and 
protein change, regulation and globin gene evolution (Perutz, 1984, Berenbrink, 2006, 
de Souza and Bonilla-Rodriguez, 2007).  
 
Haemoglobin originated as an iron-complexed protein at about the time when life 
originated on earth. Since it has been evolving for approximately 4 billion years, 
selective pressures and changes in atmospheric oxygen levels have led to diversity of 
specialised forms and functions of Hb across all kingdoms. They are found in all groups 
of organisms, including prokaryotes, fungi, plants and animals and their functions range 
from catabolic metabolism in bacteria, yeast and worms to oxygen transportation in 
vertebrates (reviewed in Hardison, 1998). 
 
Haemoglobin in vertebrates 
Haemoglobin is found in the blood of almost all vertebrates carrying oxygen from 
lungs/gills to respiring tissues in need and then carrying carbon dioxide from these 
tissues back to lungs/gills. The name haemoglobin is derived from the words haem and 
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globin, because Hb is made up of globular protein subunits, each of which embeds a 
haem pocket that contains one iron atom. This iron atom can reversibly and 
cooperatively bind an oxygen molecule through ion-induced dipole forces. In 
gnathostomes, a Hb molecule is made up of four such subunits, two alpha (α)- and two 
beta (β)- globins. However, in cyclostomes (represented by lampreys and hagfish) Hbs 
appear as monomers in the oxygenated state but self-associate into dimers or tetramers 
upon deoxygenation (Briehl, 1963, Rumen and Love, 1963, Li and Riggs, 1970).  
 
As well as Hb structures, the cooperative binding properties of oxygen are also different 
in gnathostomes and cyclostomes. In the α2β2 Hb tetramers of most extant 
gnathostomes, the cooperative binding of oxygen is a result of oxygenation-linked 
transition in quaternary structure (Coates, 1975, Goodman et al., 1975, Goodman et al., 
1988), whereas, in the Hbs of extant cyclostomes, it is a result of oxygenation-linked 
dissociation of multimers into ligated monomers (Briehl, 1963, Rumen and Love, 1963, 
Li and Riggs, 1970).  
 
The evolution of erythroid Hbs of cyclostomes and gnathostomes has not been clear. It 
was long thought that cyclostome Hbs were orthologous to gnathostome Hbs and shared 
a common ancestor (Goodman et al., 1988). Only recently has molecular phylogeny of 
all members of the globin superfamily clarified that they are paralogous and evolved 
independently with similar biochemical properties (Figure 1B) (Katoh and Miyata, 
2002, Hoffmann et al., 2010a). 
 
In the gnathostome ancestor the α- and β-globin genes evolved by a tandem duplication 
of a single ancestral primordial globin gene approximately 450-500 MYA (Czelusniak 
et al., 1982, Goodman et al., 1987, Lanfranchi et al., 1994). These genes underwent 
repeated round of duplications and divergences (including lineage-specific gene loss 
and gain) to form a repertoire of α- and β-globin genes located together in teleost fish 
and frogs but separated into distinct clusters in amniotes. The human Hb genes in 
particular, have attracted more interest in this area of research than other species, with 
the aim of gaining a better understanding of Hb synthesis, functions and associated 
diseases. Since many Hb related hereditary diseases, termed haemoglobinopathies in 
humans, are caused by mutations in the genes encoding for Hb, most studies have 
focused on structures and regulatory pathways of the α- and β-globin genes and their 
evolution in humans and model mammalian species.  
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Human Hb: Synthesis, Regulation and Diseases 
Throughout human life, different isoforms of Hb are produced to meet specific 
requirement for oxygen (Weatherall, 1991). For example, in the human embryo the Hb 
molecule is made up of two embryonic α- and β-like globin chains (ζ2ε2 called Hb 
Gower 1) while in the foetus it is made up of two foetal/adult α-like and two foetal β-
like globin chains (α2γ2 called HbF), and in an adult it is made up of two adult α- and β-
like globin chains (α2β2 called HbA). This results in expression from two distinct 
clusters of α- and β-globin genes that are co-ordinately regulated to synthesize different 
genes from these clusters at different developmental stages and tissues. 
 
The human α-globin cluster (5'- HBZ-T1, HBZ-T2ps, HBK, HBA-T1ps, HBA-T2, HBA-
T3, HBQ -3') is located on chromosome 16 in a constitutively active chromatin and CpG 
rich domain, which is a dominant determination of its regulation (Orkin, 1978, Lauer et 
al., 1980, Proudfoot and Maniatis, 1980, Hardison et al., 1986). The β-globin cluster (5'- 
HBE, HBG-T1, HBG-T2, HBHps, HBD, HBB -3'), however, is located in an A+T rich 
genomic region on chromosome 11 (Flavell et al., 1978, Bernard et al., 1979, Fritsch et 
al., 1980). The loci designated ‘ps’ at the end of the gene denote pseudogenes that are 
no longer transcriptionally active and functional due to mutations, and may be 
evolutionary remnants of once active globin genes (Weatherall, 1991). The genes in 
these clusters are arranged in their order of expression: HBZ and HBE are expressed in 
an embryo followed by HBG in the foetus and then HBA, HBD and HBB in late 
embryogenesis and postnatal life (Figure 2). Changes in their expression coincide with 
changes in the anatomic site of haematopoiesis. For example, embryonic globin genes 
are expressed during primitive erythropoiesis in the egg yolk, foetal globin genes are 
expressed in the liver of the foetus, followed by adult globin genes in the bone marrow 
during definitive erythropoiesis. Similar expression patterns are also seen in other 
amniotes. 
 
The specialised forms of Hb at each developmental stage have different affinities for 
oxygen that are advantageous to that stage. Early expressed Hbs, embryonic and foetal 
for instance, lack cooperative oxygen binding and have higher oxygen affinity than the 
adult Hb. This enables the embryo/foetus living in a hypoxic environment to extract 
more oxygen with greater affinity from the maternal blood in the placenta (Merlet-
Benichou, 1975). As the gas exchange structures develop and placental barriers are 
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reduced, these high oxygen affinity Hbs are then slowly replaced by lower affinity Hbs 
with greater cooperatively (Brittain et al., 1997).  
 
Although a Hb molecule may look simple, its whole coordination and regulatory 
pathway is so complex that researchers have not yet been able to fully understand it, 
despite decades of research. ‘Globin switching’ in different ontogeny and tissues are 
regulated mainly by many transcription binding factors that bind to distal cis-regulatory 
regions, enhancers and to local promoters associated with each gene.  
 
 
 
Figure 2: Globin switching of Hb synthesis in humans 
The genes in the α- and β-globin clusters (located on different regions) are developmentally 
regulated by MRE (also known as HS-40) and LCR respectively, to form different Hb isoforms 
in different stages and tissues. The α-globin genes are in blue, the β-globin genes are in red and 
the regulatory regions are in black. Their Greek names are on top, whilst their standard 
nomenclature names are on bottom of genes. 
 
 
The major regulatory element (MRE) and locus control region (LCR) are the major cis-
regulatory elements thought to be involved in the timing and erythroid cell lineage- and 
developmental stage-specific expression of α- and β-globin genes, respectively. These 
regions possess many DNase hypersensitive sites (HSs) that contain binding sites for 
many transcription factors such as GATA-1, AP1/NF-E2, EKLF, SP-1 and enhancers 
that control the high level, copy number-dependent, position-independent expression of 
associated globin gene in transgenic mice (Grosveld et al., 1987b, Higgs et al., 1990, 
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Hardison et al., 1997, Hardison, 1998). The MRE (also known as HS-40) is located 
approximately 40 kb upstream of the α-globin locus, in an intron of the adjacent gene 
(C16orf35) and contains a single erythroid-specific HS spanning 350 bp (Higgs et al., 
1990, Vyas et al., 1995). On the other hand, LCR is located about 10 kb upstream of β-
globin locus and is about 20-25 kb long, comprising five HSs (HS 1-5) (Forrester et al., 
1986, Grosveld et al., 1987b, Stamatoyannopoulos, 2005). Thus, Hb synthesis uses a 
highly coordinated mechanism to control developmental stage-specific and tissue-
specific expression of globin genes. 
 
Defects or mutations anywhere in the α- or β- globin genes, regulatory regions, 
promoters or transcription factors can affect the structure, production and function of 
Hb, thereby resulting in haemoglobinopathies. The most common ones include sickle-
cell disease and thalassaemia that involve imbalanced production of either α- or β- 
globin proteins resulting in the underproduction of normal and sometimes abnormal 
Hbs. The effects of haemoglobinopathies are decreased oxygen binding (causing 
shortness of breath), anaemia, fatigue, altered craniofacial complexes, bone pains, 
growth failure, organ damage and at times early death (Weatherall, 1991, Bassimitci et 
al., 1996, Garner et al., 2003). Although human patients suffer from anaemia and 
thalassaemia due to mutations in α- or β-globin genes, the mutations are maintained in 
the population through natural selection by indirectly protecting them against malaria 
(Allen et al., 1997, Fucharoen and Winichagoon, 1997, Mockenhaupt et al., 2004).  
 
Since there are about 1000 haemoglobinopathies (some major while others minor) 
identified in humans (Wells and Brennan, 1992, Labie and Elion, 1996, Wells, 1999), 
there is a huge medical, clinical and commercial interest in diagnosing and treating 
these inherited diseases to increase the lifespan and the quality of life in patients. 
Comparative genomic research into Hb gene structures and regulatory pathways, and 
the effects of mutations in different genomic regions in humans and other species is 
critical for understanding and testing for these genetic diseases, as it can pinpoint the 
molecular basis of Hb disorders and functions in humans.   
 
Evolution of Hb repertoire in gnathostomes 
Many studies have developed models to explain the evolution of the α- and β-globin 
genes in vertebrates, that is, how a single primordial globin gene duplicated 450-500 
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MYA into paralogous α- and β-globin genes located close together, became separated 
into two distinct clusters located on different chromosomes as seen in humans. These 
models have either been developed further or refuted as information from additional 
species has become available. In this section, I will review the organisation of α- and β-
globin in vertebrates and the theories put forward to explain their evolution in amniotes.  
 
In the teleost lineage, both genes duplicated in blocs and specialised into ‘early-
expressed’ in larva (αL and βL) and ‘late-expressed’ in adult (αA and βA) globin genes, 
which further duplicated and diverged in each of teleost lineages. These genes are 
located in a head-to-head orientation in respect of transcriptional polarity, meaning they 
are transcribed in opposite directions in the general order 3'αL5'-5'βL3'-3'αA5'-5'βA-3' but 
with different copy numbers of each gene in different teleost species (Figure 3) 
(Brownlie et al., 2003, Gillemans et al., 2003, Maruyama et al., 2004, Quinn et al., 
2010). Some teleosts such as zebrafinch (Danio rerio), pufferfish (Fugu rubripes), 
medaka (Oryzias latipes) and Atlantic salmon (Salmo salar) exhibit two clusters of 
intermixed α- and β-globin genes located on different chromosomes. However, in the 
stickleback (Gasterosteus aculeatus) there is only one α-β globin cluster (Quinn et al., 
2010). This suggests that the presence of two clusters with different flanking genes in 
other teleosts is a result of whole genome duplication (WGD) at the base of teleost 
radiation (Kassahn et al., 2009), but the second cluster was lost in stickleback (Quinn et 
al., 2010). In Atlantic salmon, the second cluster was also lost after the teleost-specific 
WGD but before the salmonid-specific WGD, which produced the duplicated copies of 
the first cluster (with same flanking genes) seen today (Figure 3) (Quinn et al., 2010). 
 
However, in the frog lineage there was another set of independent duplications of the 
ancestral α- and β-globin genes to also result in ‘early-expressed’ in embryo (αE and 
βE) and ‘late-expressed’ in adult (αA and βA) globin genes followed by further tandem 
duplications and divergences. Unlike teleosts, the α- and β-globin genes of the African 
clawed frog Xenopus laevis are not intermixed but located on either sides of the cluster 
arranged in the general order 5'-αE-αA-βA-βE-3' and with the same transcriptional 
polarity, that is, all genes are located in a head-to-tail orientation that permits 
transcription in same direction (Patient et al., 1980, Hosbach et al., 1983). This is also 
seen in the Western clawed frog Xenopus tropicalis, but it is uncertain whether they 
contain one or two clusters of globin genes, as its current genome assembly shown on 
 10 
the Ensembl genome browser (v 4.1, August 2005 on Ensembl 
http://www.ensembl.org/index.html) shows two different scaffolds containing globin 
genes. This was also documented by Fuchs et al. (2006) but they speculated that these 
two scaffolds are actually linked, thus showing the similar arrangement as X. laevis 
(refer to Figure 3 for details into their cluster). However, a more complete assembly and 
additional analyses, such as mapping of these scaffolds, are needed to resolve this issue. 
Previous studies in X. laevis clearly showed the presence of two distinct α-β clusters on 
different chromosomes but was determined to be a result of tetraploidisation of an X. 
tropicalis-like ancestor, perhaps 10-30 MYA (Bisbee et al., 1977, Jeffreys et al., 1980, 
Hosbach et al., 1983). In X. laevis, globin genes are differentially expressed at stages 
and in tissues similar to other gnathostomes including human (Banville et al., 1983, 
Banville and Williams, 1985b). 
 
In addition to the α-β globin cluster in X. tropicalis, another globin-related gene GBY is 
located 3' to this cluster (Fuchs et al., 2006). The discovery of GBY in frogs provided 
the first case of two different globin family members located together (in the 
arrangement α-β-GBY) that do not functionally interact. In fact, the function of GBY is 
unknown at this stage although it is transcribed into a functional polypeptide chain that 
has the hallmarks of a respiratory protein (Fuchs et al., 2006).  
 
 
Figure 3 (following page): Genomic structures of α - and β-globin gene clusters in teleosts 
and tetrapods. The orientation of the clusters are drawn from 5' (on the left) to 3' (on the right) 
but not drawn to scale. The amniote globin genes are referred according to their standard 
nomenclatures, however, in teleosts and frogs, their globin genes are referred by generic ‘α-
globin’ and ‘β-globin’ as they are less well characterised. Information on these clusters were 
taken from several sources: mammalian α (Hoffmann et al., 2008), mammalian β (Opazo et al., 
2008a), marsupial α (Cooper et al., 2006), cow β (Schimenti and Duncan, 1985), bird α and β 
(Alev et al., 2009), frog α-β (Fuchs et al., 2006, Hardison, 2008), pufferfish (Gillemans et al., 
2003), medaka (Maruyama et al., 2002), salmon (Quinn et al., 2010) and stickleback 
(Broad/gasAcul Assembly Feb 2006 from UCSC browser http://genome.ucsc.edu/). Numbers 
inside the phylogeny show dates of divergence in million years ago (MYA) (Bininda-Emonds et 
al., 2007, Hedges and Vidal, 2009, Shedlock and Edwards, 2009) and numbers beside gene 
clusters show chromosomal locations. 
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Before the amniote evolution (>315 MYA), the α- and β-clusters separated onto 
different chromosomes, thereby, becoming unlinked in amniotes. Jeffreys et al. (1980) 
originally proposed two models explaining the separation of α- and β-globin clusters in 
amniotes. One model hypothesized that both clusters became unlinked by translocation 
between the α- and β-globin genes, possibly by chromosomal rearrangements after the 
amphibian-amniote divergence (Pisano et al., 2003). The alternative model 
hypothesized that in trans duplication (chromosomal or genome) of the entire α-β 
globin cluster resulted in two clusters (proto α1-β1 and proto α2-β2), which then 
underwent differential silencing in amniotes (Jeffreys et al., 1980). For example, the 
proto-β1 was silenced and left proto-α1 as the α-globin cluster and similarly, the proto-
α2 was silenced and left proto-β2 as the β-globin cluster, therefore unlinking both 
clusters in amniotes. However, this model leaves the possibility that some evolutionary 
remnants of inactivated β1 or α2 would be present near contemporary amniote α- or β-
globin clusters, respectively. 
 
Translocation / chromosomal rearrangement theory 
For many years, the translocation / chromosomal rearrangement theory of Jeffreys et al. 
(1980) had been supported by the presence of two distinct clusters each containing a set 
of differentially expressed α- or β-globin genes located on separate chromosomes in 
amniotes. After the separation of the clusters, the genes contained in them duplicated 
and diverged further in different amniote lineages. 
 
The amniote ancestor contained three α-like globin genes in their α-globin cluster in the 
order 5'-HBP-HBK-HBA-3'. The HBP and HBA are orthologues of the frog ‘early-
expressed’ (embryonic αE) and ‘late-expressed’ (adult αA) α-globin genes, respectively. 
The HBK gene evolved by duplication of either HBP (Hoffmann and Storz, 2007, 
Hoffmann et al., 2010b) or HBA (Cooper et al., 2006), but the order and timing of this 
duplication is still not clear. In birds (represented by chicken Gallus gallus and 
zebrafinch Taeniopygia guttata) all three genes are present in the same order and 
encode functional proteins (Engel and Dodgson, 1980, Dodgson et al., 1981, Alev et al., 
2009). However, in the common ancestor of marsupials and eutherians the HBP 
duplicated once and HBA duplicated three times to result in a seven-gene α-globin 
cluster 5'- HBZ-T1, HBZ-T2, HBK, HBA-T1, HBA-T2, HBA-T3, HBQ-3' in marsupials, 
similar to those of humans (Cooper et al., 2006). However, the sequences of two 
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paralogous copies of embryonic HBZ and three paralogous copies of adult HBA globin 
genes have been homogenised by concerted evolution such as inter-paralogue gene 
conversion or by unequal crossing-over (Cooper et al., 2006, Hoffmann et al., 2008). 
Furthermore, subsequent gene duplications, losses and/or pseudogenisations in some 
eutherian species resulted in different copy numbers of each gene (Figure 3).  
 
In the therian α-globin clusters, there are two genes that are expressed in some 
marsupials and eutherians, including humans, but their functions are still unknown. The 
HBK is transcribed in cats, dogs, pigs and cows and even in humans, but no HBK 
containing Hb has been detected (Goh et al., 2005, Cooper et al., 2006). Computational 
analysis suggests that HBK is evolving under purifying selection and is therefore, likely 
to be functional (Cooper et al., 2006). In humans, HBK has an expression pattern similar 
to that of its reptile orthologue, that is, it is expressed in embryonic, foetal and adult 
stages of development. The only difference is that in reptiles it forms a functional Hb 
molecule (Hiebl et al., 1986, Abbasi et al., 1988, Rucknagel and Braunitzer, 1988, 
Fushitani et al., 1996) whereas in mammals it does not form a functional Hb molecule, 
and its function remains unknown. Similarly, HBQ is expressed in some eutherian 
mammals, including humans, in both embryonic and adult stages of development 
(Leung et al., 1987, Hsu et al., 1988, Albitar et al., 1989, Albitar et al., 1992). It is 
expressed also in marsupial embryos (Cooper et al., 2005), but no HBQ-containing Hb 
has been detected. More research is needed into both HBK and HBQ globin genes to 
gain insight into their possible roles and importance to humans. 
 
Unlike the amniote α-globin genes, the evolution of the β-globin genes in amniotes and 
the arrangement of genes in the ancestral β-globin cluster are not clear, partially 
because the bird and mammalian β-like globin genes differ in sequences, numbers, 
expression patterns and regulatory elements. The bird β-globin clusters contain four 
genes 5'- HBR, HBB-T1, HBB-T2, HBE -3' (HBE is a pseudogene in zebra finch) that 
are not arranged in their order of expression; the other two genes (HBR and HBE) are 
expressed in the early stages of development while the genes sandwiched in between are 
expressed in later stages (Bruns and Ingram, 1973, Reitman et al., 1993a, Mason et al., 
1995, Alev et al., 2009).  
 
The β-globin clusters of therian mammals, on the other hand, are arranged in their order 
of expression; the early-expressed genes on 5′ end and late-expressed genes on 3′ end, 
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similar to the amniote α-like globin genes. Since marsupials have two β-like globin 
genes, HBE (embryonic) at 5' end and HBB (adult) at 3' end (Figure 3) in their cluster, 
which are also present in eutherians, the marsupial β-globin cluster represents the 
ancestral therian state (Koop and Goodman, 1988, Cooper and Hope, 1993, Cooper et 
al., 1996, De Leo et al., 2005). After the divergence of marsupials from eutherians but 
prior to the eutherian radiation, the early-expressed HBE duplicated twice and the adult-
expressed HBB duplicated once to form the ancestral eutherian β-globin cluster (5'- 
HBE, HBG-T1, HBG-T2, HBH, HBD, HBB -3') (Goodman et al., 1974, Goodman et al., 
1984, Koop and Goodman, 1988, Weatherall, 1991, Hardison and Miller, 1993, Opazo 
et al., 2008a). These then evolved in different eutherian lineages into the complex β-
globin cluster (Figure 3) through different duplication events, gene gain and loss, gene 
conversion and/or unequal crossing-over. For example, in the goat Capra hirus, the β-
globin cluster contains a triplication of a set of four genes, 5'- HBE, HBH, HBD, HBB -
3' (Townes et al., 1984) and similar en bloc duplication occurred in the lineage that 
includes the cow Bos taurus (Schimenti and Duncan, 1985) and sheep Ovis aries 
(Garner and Lingrel, 1988, Garner and Lingrel, 1989). 
 
The bird β-like globin genes show fewer similarities than expected for orthologous 
genes to the mammalian β-like globin genes, and their regulatory regions show no 
similarity at all to those of other mammalian β-globins (Reitman et al., 1993a). Each 
gene in the bird β-globin cluster is equally similar to all mammalian β-like globin 
genes. Unlike mammals, the chicken cluster lacks a strong regulatory region (LCR) 
upstream. Instead, there is a strong tissue-specific enhancer located between the HBB-
T2 and HBE to control tissue-specific expression of β-globin genes (Choi and Engel, 
1986, Hesse et al., 1986, Reitman et al., 1993a). These differences including copy 
numbers and expression patterns suggest that the bird and mammal β-globin genes are 
not orthologous, but resulted from independent duplications of an ancestral β in the bird 
and mammalian lineages (Reitman et al., 1993a). 
 
In trans duplication of α-β loci 
About a decade ago, the unexpected discovery of the third marsupial β-globin gene 
called HBW (ω-globin) adjacent (3') to the α-globin cluster revisited the evolution 
model. This “orphan” HBW is not a part of the main β-globin cluster (Wheeler et al., 
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2001, Wheeler et al., 2004) and is expressed in marsupial neonates just before birth and 
in early pouch young development, and forms a function haemoglobin molecule with α-
globin chains (Holland and Gooley, 1997, Holland et al., 1998). Sequence comparisons 
showed that the marsupial HBW was more similar to chicken β-like globin genes than to 
the major cluster of β-like globin genes in marsupials, or to those of other mammals 
(Wheeler et al., 2001, Wheeler et al., 2004).  
 
The revolutionary discovery of HBW was important because it refuted the 
translocation/chromosomal rearrangement theory and instead provided support for the 
alternate hypothesis postulated by Jeffreys et al. (1980) suggesting that β-globin 
evolution in birds and mammals represents more ancient genome or chromosomal (in 
trans) duplications within their common ancestor. The modified hypothesis proposed 
that an ancestral α-β globin duplication followed by differential loss resulted in two 
independent unlinked gene clusters prior to bird-mammal divergence. One cluster 
diverged to form the β cluster in birds, but became redundant and inactive, and was 
finally deleted in mammals, except for the marsupial HBW, which is seen as the last 
mammalian relic of this cluster. The other cluster diverged to form the β cluster in 
mammals, including marsupials (Wheeler et al., 2001, Wheeler et al., 2004). Thus, 
according to this model, the bird β-globin cluster is paralogous to the mammalian β-
globin cluster, contracting the previous claims that both clusters were orthologous. 
 
This model explained why chicken β-like globin genes did not have high sequence 
similarities to mammalian β-like globin genes (Reitman et al., 1993a, Hardison, 1998) 
but failed to explain why the regions spanning the duplicated globin clusters are so 
different, i.e the bird and therian α-globin clusters reside in a G+C rich domain that 
contains a CpG island, but their β-globin clusters reside in a A+T rich domain 
(reviewed in Hardison, 1998).  
 
Importance of globin studies in non-avian reptiles and monotremes 
The in trans duplication model proposed by Wheeler et al. (2001, 2004) is not well 
supported at two places in amniote phylogeny, one at the stem of mammalian evolution 
where monotremes diverged from therians about 166 MYA and the other at the stem of 
amniote evolution where reptiles diverged from mammals about 315 MYA (Figure 3). 
A great deal of information is lacking from non-avian reptiles and monotremes that 
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would provide valuable comparisons with bird and therian globin genes and would 
validate claims made for the origin of β-globin genes in birds. It would also assist in 
constructing the ancestral globin clusters of amniotes and mammals. 
 
To date, there have been no molecular studies of entire globin clusters in non-avian 
reptiles and monotremes. Previous studies in non-avian reptiles have isolated and 
characterized some haemoglobin proteins (both embryonic and adult) but they 
contained amino acid sequences of adult α- and β-globin proteins only and not 
embryonic globins (Gorr et al., 1998 and references therein). Thus, we do not know if 
non-avian reptiles possess any embryonic globin genes and if any, how are they 
organised. Research is therefore needed into globin genes in non-avian reptiles, to gain 
insight into the gene structure of their clusters, construct ancestral globin clusters at the 
stem of reptile radiation and to chart the course of globin gene evolution in tetrapods. 
 
Similarly, early work on monotreme globins consisted of the isolation of adult α- and β-
globin proteins in the Australian echidna (Tachyglossus aculeatus) and platypus 
(Ornithorhynchus anatinus) (Whittaker et al., 1972, Cooper et al., 1973, Thompson et 
al., 1973, Whittaker and Thompson, 1974, Whittaker and Thompson, 1975, Lee et al., 
1999). However, there have been no reports of the existence of any embryonic globin 
genes in either species. This leaves many questions unanswered about the gene structure 
and organization of α- and β-globin clusters in monotremes that could help construct 
ancestral mammalian globin clusters and discover the origin of specialised mammalian 
globins. It is critical to know whether monotreme α- and β-globin clusters are similar to 
those in therian mammals or birds, or whether there are globins specific to monotremes 
that reflect their unique lineage and lifestyle.  
 
The importance of non-avian reptiles and monotremes to our understanding of the 
eutherian (indeed the human) genome has been recently appreciated sufficiently to 
sequence the genomes of first squamate reptilian species, Anolis carolinensis (green 
anole lizard) at the depth of 6.3 times and a monotreme species, platypus at the depth of 
6 times. The bacterial artificial chromosome (BAC) library, tissues, metaphase 
preparations and other materials are readily available for the platypus, all of which are 
useful resources for globin studies. However, these materials are not readily available in 
Australia for the green anole, but another model lizard species, the Australian central 
bearded dragon Pogona vitticeps has no such restrictions. Combining research on globin 
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genes in both lizard species would provide constructive comparisons between reptiles 
and with other amniotes. 
 
The present study; aims and chapter précis 
Few data are available concerning α- and β-globin genes in monotreme mammals and 
non-avian reptiles. Filling in these phylogenetic gaps will provide a much clearer 
picture of globin gene evolution in amniotes, including their functions and regulatory 
elements. The draft genome assemblies of platypus, an Australian iconic mammal, and 
the American green anole lizard, and the availability of the BAC library of the 
Australian bearded dragon lizard, provide opportunities to analyse the entire α- and β-
globin regions in these species. What genes are present in their clusters and are they 
conserved with other amniotes? Is there any HBW present beside the α-globin cluster? 
Do they contain any embryonic globin genes? Will they reveal new genes or regulatory 
regions? Will a more detailed analysis of globin genes and flanking sequences in 
monotremes and lizards help construct ancestral clusters at the stem of amniote 
evolution? I seek to answer these questions in this thesis. 
 
In the present study, α- and β-globin genes and their flanking genes will be investigated 
at the molecular level in the platypus, and in two squamate lizards; the bearded dragon 
and green anole, which represent different lizard families in two major cohorts so they 
will allow valid comparisons between them and to other reptiles. 
 
Using the above study species, the main aim of this study was to understand how the 
complex α- and β-globin gene clusters and regulatory regions evolved in amniotes. To 
address these questions, I present here the results of my research in the format of two 
first-author research publications (Chapter 2 and 4B), one first-author review article 
(Chapter 3) and two draft manuscripts (Chapter 4A and 5). 
 
Aim 1:  To characterise α- and β-globin genes in the platypus, deduce the content and 
arrangement of the ancestral globin clusters at the stem of mammalian 
radiation, and study globin gene evolution in amniotes. 
 Chapter 2 provides a comprehensive research study and methodology into 
isolating and characterising the platypus globin genes and constructing the 
 18 
ancestral mammalian globin cluster. Globin gene evolution was revisited as 
my results contradicted the previous model (Wheeler et al., 2001, Wheeler et 
al., 2004). I proposed a new transpositional model for globin gene evolution 
in amniotes, which has won wide acceptance. 
 
Aim 2: To understand the mechanisms behind the transposition of an original β-
globin gene into a new site, and the effect of such transposition. 
 Chapter 3 reviews the literature on globin genes in vertebrates and discusses 
how and why a transposition event could have occurred, and what effect it 
might have had on globin regulation in amniotes.  
 
Aim 3: To characterise α- and β-globin gene clusters in lizards to further test the 
transposition hypothesis. 
 Chapter 4 is divided into two parts. The first part (4A) contains a 
bioinformatic analysis of the green anole α- and β-globin sequences, and 
discussion of their evolution in reptiles, which led me to research into the 
Australian dragon lizard. This section was not included with the below 
manuscript because another independent research group published a similar 
analysis of the same data before my paper was accepted. I present this drafted 
manuscript to demonstrate my approach and mastery of bioinformatic 
analysis. The second part (4B) is a research publication that, in the absence 
nucleotide sequence data, describes the use of molecular biology approaches 
to isolate and map α- and β-globin clusters in the dragon lizard. My results 
provide further support for the transpositional model.  
 
Aim 4: To discover major regulatory regions of the platypus α- and β-globin clusters 
and to study their evolution in amniotes. 
 Chapter 5 (paper in preparation) describes a number of techniques I used to 
predict the major regulatory region (MRE) of the platypus α-globin cluster 
and the locus control region (LCR) of the platypus β-globin cluster. My 
results showed that the platypus MRE is conserved to some extent in 
sequence, transcription factor binding motifs and its ability to enhance gene 
expression amongst jawed vertebrates, reflecting the α-globin loci’s ancient 
origin. However, my failure to uncover a platypus regulatory element 
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conserved with either therian mammals or chickens using many exhaustive 
searches, suggests that the regulatory regions of the monotreme β-globin 
cluster have either diverged significantly or evolved independently along with 
their genes. In this chapter I discuss possible events that gave rise to modern 
regulatory regions of amniote β-globin cluster.  
  
In the final chapter (Chapter 6) I integrate my results from above chapters and from a 
publication to which I contributed (shown in Appendix 1) to discuss the significance of 
my findings with respect to other published studies, discuss their implications and 
suggest future directions. Appendix 2 lists oral presentations and posters presented at 
local and international conferences. 
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CHAPTER 2: PLATYPUS GLOBIN GENES AND 
FLANKING LOCI SUGGEST A NEW INSERTIONAL 
MODEL FOR β-GLOBIN EVOLUTION IN BIRDS AND 
MAMMALS 
 
Authors: 
Patel, V.S., Cooper, S.J.B., Deakin, J.E., Fulton, B., Graves, T., Warren, W.C., Wilson, 
R.K., and Graves, J.A.M.  
 
Current status of paper (circle as appropriate): 
Planned/ In Preparation/ Submitted/ Under Revision/ Accepted/  Published 
 
Date paper accepted for publication or anticipated date of publication: 
25 July 2008 
 
Name of journal: 
BMC Biology 6: 34 
 
Extent to which research is your own: 
I designed and performed all experiments and analysed data (except phylogenetic 
analyses which was performed by authors SJBC, and BAC sequencing which was done 
by BF, TG, WCW and RKW). 
 
Your contribution to writing the paper: 
I wrote the draft of the manuscript (except the section on phylogenetic analyses, which 
was drafted by SJBC), prepared figures and incorporated suggestions made by co-
authors. I corresponded with the journal editor and responded to the referees’ comments 
 
Comments:  
In this manuscript, I have provided comprehensive research and analyses of platypus 
globin genes and their flanking regions. This was my major experimental work; it took 
two years and much effort to perform and trouble-shoot various experiments, and to 
analyse and present the data in this manuscript. 
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Additional File 
 
Additional File 1: Annotation of the platypus α- and β- like and GBY globin genes  
The table shows the predicted positions of six α-like, ω and GBY globin genes in the 
platypus BAC clone Oa_Bb-131M24 [GenBank: AC203513], two α-like globin genes 
in BAC clone Oa_Bb-2L7 [GenBank: AC195438], and two β-like globin genes in BAC 
clone Oa_Bb-484F22 [GenBank: AC192436 reverse direction]. 
 
 Exon 1 Exon 2 Exon 3 Poly-A 
       
AC203513       
ζ  3746 -  3840 4178 -  4382 4497 -  4625 4744 
ζ’ 8545 -  8639 8976 -  9180 9283 -  9411 9544 
αD 11992 -  12083 13398 -  13602 15213 -  15341 15418 
α3 20056 -  20147 20553 -  20757 20909 -  21037 21131 
α2 27074 -  27168* 27889 -  28093 28249 -  28377 28492 
α1 32437 -  32528 32934 -  33138 33290 -  33418 33512 
ω 39008 -  39099 39356 -  39578 39690 -  39818 39887 
GBY 48012 -  47915 44550 -  44328 41277 -  41134 40500 
       
AC195438       
ζ  137751 -  137845 138183 -  138387 138502 - 138630 138749 
ζ’ 142550 -  142644 142981 -  143185 143288 -  143416 143549 
       
AC192436       
ε  79553 -  79644 79788 -  80010 80485 -  80613 80709 
β  91660 -  91751 91905 -  92127 92566 -  92694 92765 
        
* the α2 gene has two sequencing errors in its exon 1 at positions 2 (A->T) and 7 (G->C), which was 
confirmed by a BLAST search of the platypus WGS database. 
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CHAPTER 4: ANALYSES OF α- AND β- GLOBIN GENE 
LOCI IN LIZARDS 
 
This chapter is divided into two parts; examining two different lizard species using 
different approaches, yet embracing a common goal of studying globin gene evolution 
in amniotes. The first part contains unpublished data from green anole lizard and leads 
to the second part that was published recently showing data from Australian dragon 
lizard. 
 
Background 
As shown in Chapter 2, globin studies in the platypus showed that the bird and 
mammalian α-globin clusters reside in the same genomic region as do the α-β globin 
clusters of fish and frog. These clusters are flanked by MPG and c16orf35 on 5' side and 
LUC7L on 3' end (except fish), confirming a common origin (Flint et al., 2001, Hughes 
et al., 2005, Hardison, 2008, Patel et al., 2008).  
 
However, the bird and mammalian β-globin clusters reside in an olfactory region 
(Bulger et al., 1999, Hardison, 2005) that shares no similarities to the surroundings of 
their α-globin clusters. This suggests that the amniote β-globin cluster evolved by a 
transposition of a β-like globin gene copy from the ancient α-β globin cluster into the 
olfactory region, which then independently duplicated and diverged further to form the 
β-globin repertoire in different amniote lineages (Gillemans et al., 2003, Hardison, 
2005, Hardison, 2008, Opazo et al., 2008b, Patel et al., 2008). In order to confirm this 
model of globin gene evolution, data on the organisation of α- and β-globin clusters is 
required from non-avian reptiles. 
 
My study of the platypus α- and β-globin clusters also helped me to deduce the 
ancestral arrangement of these clusters in the ancestor of mammals. I showed that the 
ancestral mammalian α-globin cluster contained six genes in the order HBZ-T1, HBZ-
T2, HBK, HBA-T1, HBA-T2, HBA-T3. The ancestral β-globin cluster contained either 
one (HBB) or two genes (HBE, HBB) according to two alternative theories for the 
evolution of β-globin genes in mammals. One hypothesis is that a single β-globin gene 
duplicated independently in the monotreme and therian lineages (Opazo et al., 2008b). 
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An alternate hypothesis is that it duplicated before the divergence of the mammalian 
subclasses, but the platypus HBE became homogenised by gene conversions (Patel et 
al., 2008).  
 
The ancestral state is not clarified by reference to bird globin clusters. The chicken α-
globin cluster, however, contains three genes (HBP, HBK, HBA) and the β-globin 
cluster contains four genes (HBR, HBB-T1, HBB-T2, HBE). Thus, it remains unclear as 
to how many genes were present in the ancestral amniote α- and β-globin clusters, what 
were the timings and order of their gene duplications (β-globin in particular) at the stem 
of amniote evolution when reptiles diverged from a line leading to mammals about 315 
MYA. It would therefore be very helpful to have information on the globin clusters of 
non-avian reptiles. 
 
Reptilia are an ancient group of amniotes that comprise an incredibly diverse group that 
accounts for more than three-quarters of all living terrestrial vertebrates, and is found in 
diverse regions of globe. There are three groups of Reptilia: the Archosauria (birds, 
crocodilians), Lepidosauria (tuatara and squamates), and Testudines (turtles). The 
evolutionary divergence time and phylogenetic position of these major lineages has 
been debated for many decades (Shedlock and Edwards, 2009 and references therein). 
According to Shedlock and Edwards (2009), the common ancestor of all reptiles existed 
325 MYA. The first divergence of reptilians occurred in the mid-Permian period (275 
Ma) to result in one line containing all archosaurs and turtles and the other line 
containing all lepidosaurs. The archosaurs then diverged from testudines some 231 
MYA, whereas crocodilians subsequently diverged from birds around 219 MYA. In the 
lepidosaurian lineage, the ancient evolutionary relic, tuatara, diverged from squamates 
(lizards and snakes) a few years after their origin (i.e. at 272 MYA), while snakes and 
lizards diverged 245 MYA (Figure 1). 
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Figure 1: Phylogenetic positions of extant reptiles 
The approximate divergence times in million years (MY) are shown for major groups of reptiles 
and mammals (Bininda-Emonds et al., 2007, Hedges and Kumar, 2009). The phylogenetic 
positions of tuatara and turtles are still uncertain. 
 
 
Globin gene organization in non-avian reptiles was previously quite unknown, since 
research has focussed on birds and mammals. Early blood studies were limited to 
protein isolation and characterisation (Gorr et al., 1998 and references therein). The lack 
of nucleotide data for non-avian reptilian globins led to their exclusion from recent 
genomic studies, and since then, no detailed studies were performed on the organization 
of non-avian reptilian α- and β-globin clusters and their flanking genes. Therefore, it 
was uncertain how many genes are present in the non-avian reptilian α- and β-globin 
clusters, how these were arranged in the common reptilian ancestor, and how they 
evolved over time.  
 
The aim of this study was to fill this important phylogenetic gap by providing data on 
the globins of non-avian reptiles. This would enable me to deduce the ancestral 
arrangement of α- and β-globin globin clusters in the reptilian ancestor, and by 
comparing them to those of mammals would help deduce the arrangements in different 
amniote lineages. These results would then enable me to study globin gene evolution in 
amniotes, in parallel to testing the transpositional model. 
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I began this project by first characterising α- and β-globin genes in the green anole 
using the publicly available genome sequences (Part A), and then using green anole 
globin sequences to isolate clones in the dragon lizard (Part B). During the preparation 
of a manuscript incorporating both approaches, another research group published their 
research on green anole globin genes (Hoffmann et al., 2010b), thereby rendering this 
part redundant; it was therefore removed from the main manuscript. In this thesis, I 
present my research from both lizard species; the green anole lizard globin genes that 
were removed from the published paper (Part A) and the dragon lizard globin genes that 
are now published (Part B). 
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 PART A: Characterisation of α- and β-globin genes and 
flanking genes in the green anole lizard 
 
Authors: 
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Comments:  
This chapter (Part A) contains unpublished data from the green anole lizard, which was 
prepared before the appearance of a paper by Hoffmann et al. (2010b), but excised from 
the manuscript (leaving Part B) because it presented a similar analysis on the same data 
set. However, the results and conclusions of my comprehensive study into the structures 
of green anole globin genes differ somewhat from those of Hoffmann et al. and I also 
present two original models for the evolution of globin genes in reptiles. Note: Here I 
call HBB1 from scaffold 3777 and HBB2 from scaffold 7008, whereas Hoffmann et al. 
(2010b) refer it the other way around. 
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I also show in this report some experimental work that took six months of continuous 
BAC library screening and FISH mapping and much effort to trouble-shoot negative 
results. However, the results at the end were still unusable.  
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Abstract 
Haemoglobin gene structure and organization is well characterised in mammals and 
birds, but equivalent information is not available from non-avian reptiles. It is therefore 
not clear how many genes are contained in non-avian reptilian α- and β-globin clusters, 
what are their locations and expression patterns, and it is not possible to deduce the 
structure of ancestral reptile haemoglobin gene clusters. In this part of the manuscript, I 
examine the available draft genome sequences from the first squamate reptilian species 
to be sequenced, Anolis carolinensis, in order to gain insight into the organisation of 
reptilian globin gene clusters, their genomic context and to reconstruct the globin gene 
clusters at the stem of reptilian radiation. I identified two α-like globin genes in two 
different scaffolds, flanked by different genes. One α-like globin gene (HBK) had the 
same genomic context as α-globin genes in birds and mammals (MPG-C16orf35-HBK-
GBY), whereas the other (HBA) had completely different flanking genes (ADCY9-HBA-
GSG1L). The latter may be an artefact due to the incomplete genome assembly but may 
also be an indication that a transposition event has occurred in this species. Two β-like 
globin genes were also found on different scaffolds, suggesting a lizard-specific 
duplication of a β-globin gene. I propose that in the ancestor of all reptiles, only one 
proto-β-globin gene existed, which then duplicated in the Lepidosauria (tuatara and 
squamate) lineage to result in proto-β1 and proto-β2 as found in tuatara and snakes. In 
lizards, however, the progenitor of proto-β1 was either secondarily lost, or is missing 
from the assembly, while the proto-β2 gene was tandemly duplicated to result in the two 
β-like globin genes that I identified in the anole and those present in other lizards. There 
were no further duplications of the ancestral proto-β in the testudine and crocodilian 
lineages, but in the avian lineage it underwent independent repeated rounds of 
duplication. As a result, reptilian β-like globin genes form species-specific monophylic 
clade (except turtles) that show less homology between them and to mammals as 
supported by my phylogenetic analysis. 
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Introduction 
The recent (and still incomplete) sequencing of the genome of the first squamate 
species, Anolis carolinensis (green anole lizard) by the Broad Institute at MIT and 
Harvard at the depth of 6.3x coverage, could shed light into globin genes and their 
evolution. The first draft assembly (anoCar1.0) was released in February 2007 in the 
UCSC Genome browser database (http://genome.ucsc.edu). I therefore aimed to use the 
anole sequences to characterise α-, β-globin and their flanking genes in this species, 
deduce the possible arrangement of these genes and deduce the ancestral reptile globin 
clusters in order to study globin gene evolution. My results show the presence of HBK 
and HBA in two separate scaffolds but each with different flanking genes. 
 
Two β-like globin genes (HBB1 and HBB2) are also present in the anole, but their 
linkage with flanking genes (RRM1, CCKBR and ILK) could not be determined because 
all genes were located on different scaffolds in the first assembly. Although the anole 
genome assembly is still incomplete and lacks important data to answer our biological 
questions, I use existing protein data to hypothesize two models for the evolution of β-
globin genes in reptiles.  
 
 
Materials and methods 
Bioinformatics and data analyses of globin genes in the green anole lizard 
From the UCSC Genome Browser (http://genome.ucsc.edu), α- and β- globin genes in 
the A. carolinensis genome sequence assembly (anoCar1 - released on Feb 2007) were 
found on one long (~163kb) and three short scaffolds (~4.8 – 15kb). Since annotations 
of these genes were incomplete in the genome browser (i.e. precise location of the 
exons and the exact identification of the genes were not determined), these scaffolds 
were then analysed further. 
 
Gene prediction programs Genscan (Burge and Karlin, 1997) and Genomescan (Yeh et 
al., 2001) were used to predict genes in these scaffolds using default settings. The 
predicted genes were then confirmed by BlastN and BlastP searches against the whole 
database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and also by PCR amplification from 
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the genomic DNA. For PCR, primers from the predicted gene sequences were designed 
using Primer3 v.0.4.0 (Rozen and Skaletsky, 2000) and synthesized by GeneWorks Pty 
Ltd (Adelaide, Aust). Details of the primers and the sizes of amplified products from 
gDNA are listed in Table 1.  
 
Standard PCR reaction was performed in a final volume of 25µl, with 70ng green anole 
female gDNA, 1x Green GoTaq Buffer (Promega Corporation, Madison, Wisconsin, 
USA), 0.2mM dNTPs, 1.25U GoTaq DNA Polymerase (Promega Corporation, 
Madison, Wisconsin, USA) and 1µM each of forward and reverse primers. PCR cycling 
conditions were: 94°C for 2 mins, then 35 cycles of 94°C for 30 sec, 56-64°C for 30 
sec, 72°C for 1 min, followed by a final extension of 72°C for 10 mins. The amplified 
products (25µl) were run on 1% TAE gel stained with SYBR® Safe (Life Technologies 
Corporation, California, USA). Amplified DNA from the gel was extracted using 
QIAquick® gel extraction kit (Qiagen Sciences, Germantown, MD, USA) following the 
manufacturer’s protocol and were directly sequenced at the Australian Genomic 
Research Facility (AGRF, Brisbane, Aust). The sequences were then aligned with 
predicted anole globin sequences to confirm identity of the amplified products. 
 
Table 1: List of primers designed from the predicted anole globin genes and the sizes of the 
amplified products from its gDNA 
Gene 
 
Forward Primer Reverse Primer Predicted size 
from gDNA (bp) 
HBA ATGGCAAGAAGGTGGTGGA GAGGGCGAGGATGAACTCTG 835 
HBK TTGGGGGAAGGTGTCTGG CGAAGTGCGGGAAGTAGGT 719 
GBY  
Exon 1-2  
AGGAGAATGGACGGCTGGT GGCTGGAATCTGTGGGTTG 565 
GBY  
Exon 3 
GGTTCTTCAGCGACTACCCTG GGCACTTGGTGGATGTTCTT 208 
HBB1 GGAGCAAAGTGGACATCGG GCGTTGGAGAGGTTGCC 345 
HBB2 CACCGTGGGGGCAGAAT GTGGGGCTGGACAGGTTC 190 
 
Blast search against EST library 
Since tissues/RNA for anole were not available for expression studies, the predicted 
sequences were used to blast the A. carolinensis EST library 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) to check for the presence of any expressed 
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fragments. This would have given an indication as to whether the predicted globin 
genes are transcriptionally active.  
 
Phylogenetic Analysis 
The α- and β-globin amino acid sequences of frogs and reptiles (including anole) were 
aligned using the program MUSCLE (Edgar, 2004), available on European 
Bioinformatics Institute web server (http://www.ebi.ac.uk/Tools/muscle/). The output 
format for the multi-alignment was chosen as ‘phylip interleaved’ that was then used to 
create phylogenetic trees using the program PhyML 3.0 (Guindon and Gascuel, 2003) 
with some modification to the parameters: equilibrium frequencies was set to 
‘empirical’ and proportion of invariable sites was set to ‘estimated’. Two types of 
phylogenetic trees were generated, one using approximate likelihood-ratio test (aLRT) 
method and the other using 1000 bootstrap pseudoreplicates. Both trees resulted in 
similar topology, so only trees generated by aLRT are shown here. Sequences from the 
African clawed frog (Xenopus laevis) were used as outgroups to root the tree. The trees 
were then viewed in Figtree (available for download from 
http://tree.bio.ed.ac.uk/stats.html).  
 
Sequences used to create α-globin phylogeny were taken from GenBank with the 
following Accession numbers: indigo snake (Drymarchon corois errabennus) HBA 
[P0C0U6] and HBK [P0C0U7], sea snake (Microcephalophis gracilis) HBA [P41331], 
water snake (Liophis miliaris) HBK [P16417], monitor lizard (Varanus exanthematicus 
albigularis) HBA [P18981], common iguana (Iguana iguana) HBA [P18974], tuatara 
(Sphenodon punctatus) HBA [P10059] and HBK [P10062], Western painted turtle 
(Chrysemys picta bellii) HBA [P13273] and HBK [P02005], snake-necked turtle 
(Phrynops hilarii) HBK [P02006], Nile crocodile (Crocodylus niloticus) HBA [P01998], 
American alligator (Alligator mississippiensis) HBA [P01999], chicken (Gallus gallus) 
HBA [CAA42606] and HBK [CAA42605], frog (X. laevis) HBA1 [CAA32474], and 
anole lizard HBA and HBK [from this study]. 
 
Sequences used to create β-globin phylogeny were: indigo snake HBB1 [Accession 
number: P0C0U8], common iguana HBB1 [P18987] and HBB2 [P86390], sea snake 
HBB2 [P41332], water snake HBB1 [P16418], Indian cobra HBB2 [P22743], Indian 
python (Python molurus bivittatus) HBB1 and HBB2 (Stoeckelhuber, 1992, Gorr et al., 
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1998) monitor lizard HBB1 [P18993], marine iguana HBB2 [P86391], tuatara HBB1 
(βA) [P10060] and HBB2 (βD) [P10061], western painted turtle HBB [P13274], 
loggerhead sea turtle HBB [Q10733], red-footed tortoise (Geochelone carbonaria) HBB 
[Q98905], Nile crocodile HBB [P02129], American alligator HBB [P02130], spectacled 
caiman HBB [P02131], chicken HBR [AAD03345], HBBa (βA) [AAD03347] and HBBh 
(βH) [AAD03346], Zebrafinch HBR, HBBa (βA), HBBh (βH) (Alev et al, 2009; 
supplementary data), duck (Stictonetta naevosa) HBBa [ACT81585], goose (Branta 
canadensis) HBB [P68944], swan (Cygnus olor) HBB [P68945], macaw (Ara ararauna) 
HBB [P02116], cormorant (Phalacrocorax carbo) HBB [P10782], parakeet (Psittacula 
krameri) HBB [P21668], frog adult HBB2 [P02132], larval HBB1 [P02137] and larval 
HBB2 [P02133], and anole lizard HBB1 and HBB2 [from  this study].  
 
BAC library screening 
Three or four sets of overgos for each predicted globin gene including their flanking 
genes were designed using OvergoMaker (Washington University Genome Sequencing 
Centre 2010). Table 2 lists 31 overgos used in this experiment. These overgos were 
labelled with radioactive isotope 32P-dATP and 32P-dCTP, and then hybridised to high-
density filters from green anole genomic bacterial artificial chromosome (BAC) library 
(CHORI-318 from Children’s Hospital Oakland Research Institute, USA) according to 
the protocol as described in Ezaz et al. (2009). The presence of globin and/or flanking 
genes in the BAC clones was confirmed by dot blots, following protocol described in 
Patel et al. (2008). 
 
Mapping by fluorescence in situ hybridisation (FISH) 
Chromosome preparations of the male and female green anole lizards were kindly 
provided by Dr Dan Janes (Harvard University, USA). The BAC clones containing 
globin and/or flanking genes were labelled with fluorchrome-labelled dUTPs 
(SpectrumGreen and SpectrumOrange) and hybridised to green anole chromosomes 
using either single- or two-colour FISH, following protocols described in Deakin et al. 
(2008) and Ezaz et al. (2009). 
 75 
 
 
Table 2: List of overgos used in this experiment 
GENES FORWARD OVERGO REVERSE OVERGO 
GACCTCCATGCCGAGAAGCTCCGT AGTTGACAGGGTCAACACGGAGCT 
TGAGGACGACAAGAACCACATCCG ATGGCCCCAGATGGCCCGGATGTG 
TGCTGACCGCTGAGGACCGCAAAC CAAATGGCTGTCAGCAGTTTGCGG 
HBA 
CTCCAAGGACATCCAAGTGCATGG TCTGGCCACCTTCTGGCCATGCAC 
GCTGATCAAGTGCTTCCACGTGGT CAGGTGAGTGGCCAGAACCACGTG 
ACCTGCATGCCTACAACCTCCGCG AAGTTGACTGGGTCCACGCGGAGG 
CACCACACCACCAAGACCTACTTC TCATGTCATAGTGCGGGAAGTAGG 
HBK 
CCTTGAAGCCAGAGTTCATCCTCG AAACACTTGTCGAGGGCGAGGATG 
CCTTCAGCCAAGTGATTGAGAACA TGGTTCCAGTTCTCCATGTTCTCA 
GCGGCACATCCGGGAAATCTGGAC ATTTTCAAAGGCCGCGGTCCAGAT 
GBY 
TTCAGCGACTACCCTGCCAGCAAG CCGTCTTGAAGTACTGCTTGCTGG 
HBB1 TGGACCCAGAGGTTCTTCCCCGAC TGGAGAGGTTGCCAAAGTCGGGGA 
HBB2 CCGCCTACCAGAAGCTGGTCAACG AAGGCGTGGGACACCACGTTGACC 
HBB1/HBB2 GGACAACATCAAGGACACCTTCGC CAGCTCGCTCAGCTTGGCGAAGGT 
GAGAGGGGGCAGCGGTGCTGCTGC AGGGGCTCTAGGGAGCGCAGCAGC MPG 
TATCTCCGGGGCAACAAGTACGTC CCTTGTCAACAACGCTGACGTACT 
AGTGATGACATGACGCTCACCAGC AGTTGTCCATGCTGGGGCTGGTGA 
TCAGCGTTATCCTGGTCAGCTCTG TTGTTCCCGCGGCTGCCAGAGCTG 
C16orf35 
AATTCTGGCCACCAAGTCGGACAT AAACTTCTTGCCGCACATGTCCGA 
AAACGGTAGCAGAAAAACAGGAGA CGGTCCTGATTTCTCTTCTCCTGT 
TTCACAGATGAGCGAGTCTGCAAG AATCCAGAAGGTGGCTCTTGCAGA 
LUC7L 
AGAGCACCAACGGCAAATCTCGCT TCCTCCGACCTCTTCGAGCGAGAT 
AAGATCACCTCCCGGATCCAGAAG TAAGACCGTAGCACAGCTTCTGGA 
TGAAAGTGATCCAGGGCCTCTACA ACAGTGGTGACACCACTGTAGAGG 
RRM1 
ATTGACCAGAGCCAGTCCCTGAAC GCTCAGCAATGTGGATGTTCAGGG 
ATCCCCTACAAGGACACCTTCTGG TCCGAGTGGTGCCCTTCCAGAAGG 
TGGTCAGCATCTGCAACAAGTACG TCCAGCGGGGTCTCTCCGTACTTG 
ILK 
GACATGACGGCCCGGATCAGCATG AGAACTTGACGTCGGCCATGCTGA 
TCACCAACTCCTTCCTGCTCTCGC AGGTCGCTGAGGGCCAGCGAGAGC 
ATCAACCCCTTCGTCTACTGCTTC GGAAGCGCTTGTTCATGAAGCAGT 
CCKBR 
 
TGGTGGCCATCGCCATTGAGCGCT TTGCAGATGGCGTTGTAGCGCTCA 
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Results 
Characterisation of alpha and beta-globin gene scaffolds in the green  
Three years after the first publication of the draft genome assembly of the green anole 
lizard, A. carolinensis (anoCar1 - Feb 2007) on the UCSC Genome Browser 
(http://genome.ucsc.edu), its current assembly is still incomplete for α- and β-globin 
clusters, as individual genes appear on different short scaffolds (Table 3). Even the 
annotations (such as exact locations of the exons, positions of splice sites, cDNA 
sequences, the lengths of the introns and exons, and the chromosomal location) of the 
globin genes are currently incomplete. Therefore, these scaffolds were analysed further 
to gain insight into the structure and gene composition of the lizard α- and β-globin 
clusters.  
 
Table 3: Scaffold identities, their sizes and annotated genes on the UCSC Genome Browser for 
A. carolinensis (anoCar1)  
Scaffold 
ID 
Scaffold size 
(bp) 
Genes annotated on it by UCSC 
2790 15,038  C16orf35, α-related, MPG 
1188 163,036  α-related (Position 107,470 - 108,622) 
3777 10,310   β-related 
7008 4,809   β-related 
985 271,130  RRM1 (Position 66,082 - 113,876)  
1207 168,833 CCKBR (Position 4,044 - 9,871) 
3689 10,604 ILK (Position 1,058 - 7,987) 
 
 
Using the sequence information from four scaffolds (ID: 1188, 2790, 3777 and 7008), 
the genes contained in them were predicted by Genscan and Genomescan. The predicted 
genes were then identified by BlastN and BlastP searches against the nr database and 
also confirmed by PCR amplification from anole gDNA. The identities of the predicted 
genes were also confirmed by phylogenetic analysis. 
  
From the above four scaffolds, a total of five globin genes were predicted, which had 
characteristics of all vertebrate α- and β-globin genes such as a three-exon/two-intron 
structure and conserved splice sites (Table 4).  
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Table 4: (A) Locations of the predicted globin genes in the anoCar1 Genome Browser and (B) 
the sizes of their respective exons, introns, coding domains and amino acid polypeptide chains 
 
(A). 
Scaffold 
ID 
Gene 
identified 
Exon 1 Exon 2 Exon 3 
1188 HBA 107470 – 107561 107660 – 107864 108497 – 108625 
2790 HBK 4064 – 3970 3351 – 3147 3048 – 2920 
2790 GBY 697 – 785 1984 – 2206 2307 – 2438 
3777 HBB1 4517 – 4608 4845 – 5067 7670 – 7798 
7008 HBB2 1005 – 1096 1194 – 1416 2957 – 3085 
 
(B). 
Genes Exon 1 
(bp) 
Intron 1 
(bp) 
Exon 2 
(bp) 
Intron 2 
(bp) 
Exon 3 
(bp) 
CDS 
(bp) 
Polypeptide 
(aa) 
HBA 92 100 205 634 129 426 141 
HBK 95 620 205 100 129 429 142 
HBB1 92 238 223 2604 129 444 147 
HBB2 92 99 223 1542 129 444 147 
GBY 89 1200 223 102 132 444 147 
 
 
Alpha-globin genes in the green anole  
Two of the predicted genes were identified as α-like; one in scaffold 1188, and the other 
in scaffold 2790 (Tables 3 and 4). These two genes were quite different from each other, 
showing a 46% identity score at the protein level, and they contained slightly different 
polypeptide lengths. The predicted polypeptide in scaffold 1188 encoded 141 aa, which 
obtained the highest identity score with HBA (αA-globin) of other reptiles and birds; of 
74% with the common iguana (Iguana iguana), 66% with Texas indigo snake 
(Drymarchon corais erebennus) and 55% with chicken (Gallus gallus). Phylogenetic 
analysis of all reptilian α-globin amino acid sequences showed that this gene grouped 
with other squamate HBA with high support of 0.986, and with other reptilian HBA with 
0.567 support (Figure 1). Hence, this gene was named HBA, based on its close 
relationship with other reptilian HBA. 
 
The other predicted polypeptide in scaffold 2790 encoded 142 aa, which obtained the 
highest protein identity score with HBK (αD-globin) of snakes and birds; 66% with 
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monocled cobra (Naja kaouthia) and Japanese rat snake (Elaphe climacophora), and 
60% with chicken HBK. Phylogenetic analysis grouped this gene with other squamate 
and reptilian HBK with high ratios of 0.994 and 0.959 respectively (Figure 1). Hence, 
this gene was named HBK. However, exon 2 (193 bp) of the predicted sequence was 
found to be shorter than other α-like globin genes (205 bp). Sequence alignment of this 
gene with other reptilian HBK genes indicated that it lacked 12 bp encoding 4 aa 
(VNFK) at the end of its exon 2. Upon further investigation, I found that Genscan and 
Genomescan predicted all genes based on the splice site of GT/AG. However, the splice 
site of exons 2 and 3 of all reptilian HBK genes studied to date, is somewhat different 
from that of other α-globin genes, containing a GC/AG rather than a GT/AG splice site. 
This unique characteristic was also present in the putative anole HBK, so the length of 
exon 2 was corrected to 205 bp. The extra 12 bp encoded VNFK and the presence of 
GC splice site at the end of exon 2 are well conserved with all other reptilian HBK 
genes.  
 
 
Figure 1: Evolutionary relationship among reptilian α-like globin proteins using frog as 
an outgroup. Protein sequences of reptilian and frog α-like globin genes were used to generate 
phylogenetic tree in PhyML using aLRT method. Accession numbers for the sequences are 
shown in methods and materials. Numbers adjacent to branches refer to approximate likelihood 
ratio.  
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The predicted DNA sequences of both α-like globin genes were used to BLAST search 
the anole EST library to gain insight into their expression. Out of both globins, only 
HBK obtained 100% hits with two identical mRNA sequences isolated from a dewlap 
cDNA library [Genbank EST Accession numbers: FG672953 and FG673001]. It also 
obtained partial hits with two mRNA sequences from whole brain cDNA library 
[FG662920 and FG662968] and one mRNA sequence from a mixed (tongue, liver, 
gallbladder, spleen, heart, kidney and lung) cDNA library [FG732129]. This suggests 
that HBK is transcriptionally active in anole, with confirmed expression in brain and 
dewlap (the organs unexpected for globin gene expression or synthesis of red blood 
cells). It may also be expressed in spleen, which is a minor site for erythropoiesis in 
some reptiles (Dabrowski et al., 2007 and references therein), but because the mRNA 
sequence was retrieved from a mixed sample of tissues, this could not be confirmed. 
Unfortunately, no hits were obtained for HBA, suggesting that it is not expressed in 
tissues that were sequenced (i.e. dewlap, brain, tongue, liver, gallbladder, spleen, heart, 
kidney and lung) leaving open the possibility that it is expressed in some other tissues 
or at different developmental stages.  
 
The number of genes present in the anole is different from the gene composition and 
organization of globins in birds, in which there are three genes in the α-globin cluster 
(HBP, HBK, HBA). I searched for the third gene (HBP), which is the homologue of an 
early-expressed α-globin gene with expression in the embryos of birds and other 
mammals but I could not find any trace of it in the anole genome browser. 
 
Beta-globin genes in the anole lizard 
Two genes were predicted to be β-related; one in scaffold 3777 and the other in scaffold 
7008 (Tables 3 and 4). These two genes were quite similar to each other, having identity 
scores of 86% at the nucleotide level and 75% at the protein level. The predicted gene in 
scaffold 3777 encoded a polypeptide of 147 aa, which obtained high protein identity 
scores of 83% with iguana HBB1, 73% with monitor lizard (Varanus exanthematicus 
albigularis) HBB1 and 71% with chicken HBE. The phylogenetic analysis of all 
reptilian β-globin amino acid sequences showed that this gene grouped with common 
iguana with a high support of 0.982 although support with other lizard HBB1 was low 
(Figure 2). Hence, this gene was named HBB1 based on its close relationship with other 
lizard HBB1. 
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Figure 2 (previous page): Evolutionary relationship among reptilian β-like globin proteins 
using frogs as outgroups. Protein sequences of reptilian and frog β-like globin genes were used 
to generate phylogenetic tree in PhyML using aLRT method. The tree highly supports species-
specific clustering of β-like globin genes in reptiles. The presence of multiple genes in birds and 
lepidosaurs indicate independent duplication of an ancestral β (denoted by red star) in these 
lineages and in lizard lineage. Accession numbers for the sequences are shown in methods and 
materials. Numbers adjacent to branches refer to maximum likelihood ratio.  
 
 
The other predicted gene in scaffold 7008 also encoded a polypeptide of 147 aa, which 
obtained high protein identity scores of 78% with monitor lizard HBB1, 77% with 
chicken HBB and 76% with Indian cobra snake (Naja naja) HBB2. The phylogenetic 
analysis grouped this gene with other lizard HBB2 with 0.902 support (Figure 2). 
Hence, this gene was named HBB2.  
 
The phylogenetic analyses (Figure 2) presented here for all β-globin proteins in reptiles 
revealed two interesting relationships. Firstly, it grouped all lizard HBB1 and HBB2 as a 
sister clade to snake HBB2 with 0.638 support, suggesting a lizard-specific duplication 
of a snake-like HBB2 gene. Snakes and lizards both possess two β-like globin genes that 
were thought to be a result of squamate-specific duplication of an ancestral β-globin 
gene (Gorr et al 1993), therefore, I expected that lizard HBB1 would group with snake 
HBB1 and likewise lizard HBB2 with snake HBB2. However, this was not the case here, 
as both aLRT and bootstrap supported phylogenies showed snake HBB1 forming a 
monophylic clade separate to those containing snake HBB2, tuatara HBB1, lizards 
HBB1 and HBB2 with a high support of 0.808. The other notable feature of the 
phylogenetic tree was the grouping of all β-like globin genes in a species-specific 
manner (except turtles where signals are lost) rather than gene-specific manner (as in 
the case of α-globins). For example, all bird β-like globin genes formed a monophylic 
clade distinct to those of lepidosaurs (tuatara and squamates).  
  
Moreover, the predicted sequences of both HBB1 and HBB2 were used to BLAST 
search the anole EST library to check for their expressions. There were no hits to either 
gene, suggesting that they are expressed in tissues other than those sequenced. The 
entire anole genome database was also searched for embryonic β-like globin genes 
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using chicken HBE and HBR and mammalian HBE genes, but no orthologue of these 
genes were present in the genome browser.  
 
Discovery of the first reptilian Globin Y (GBY) 
I discovered a fifth globin gene that was not annotated on the anole genome browser. 
This gene was found in scaffold 2790, approximately 600 bp from HBK. It bears 
homology to GBY, a gene recently discovered in amphibians (Fuchs et al., 2006) and 
platypus (Patel et al., 2008). Hence, I named this gene GBY. Again, Genscan and 
Genomescan could not predict exon 1 correctly, lacking the start site and splice site of 
GC rather then GT. Upon further comparisons with platypus and frog GBY sequences, I 
was able to show that exon 1 of the anole GBY contains a start codon (ATG) at position 
697 of scaffold 2790, but is different in length (89 bp) compared to exon 1 of the frog 
and platypus GBY (98 bp). Moreover, like anole HBK, GBY also has a splice site of 
GC/AG rather than GT/AG between exons 1 and 2. As a result, like other α, β and GBY 
globins, the predicted anole GBY also has a three-exon/two-intron structure and 
conserved donor/acceptor (GT/AG and/or GC/AG) (Table 4). The lengths of its exons 
1, 2, and 3 were 89 bp, 223 bp, and 132 bp respectively, compared with 98 bp, 223 bp 
and 144 bp in platypus GBY and 98 bp, 232 bp and 141 bp in X. laevis GBY. Because of 
its shorter exons 1 and 3, the predicted polypeptide of anole GBY (147 aa) was shorter 
than the platypus GBY (154 aa) and frog GBY (156 aa). Its length is the same as other β-
like globin genes, suggesting that the ancestral gene might have been of this length. 
Moreover, the anole GBY gene contained the shortest introns; 1200 bp (intron 1) and 
102 bp (intron 2) compared to GBY from other species that are usually more than 3 kb 
and can be as long as 21 kb (intron 1 of X. laevis GBY).  
 
Unlike the α- and β-like globin genes, the nucleotide and amino acid sequences of GBY 
are not highly conserved among different species. In this case, at the protein level the 
anole GBY showed an identity score of 36% with platypus GBY and 38% with X. laevis 
GBY, which is approximately the same as the alignment score between platypus and 
frog GBY (Patel et al., 2008).  
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Genes flanking the anole α- and β-globin genes 
In scaffold 2790, two other genes were present adjacent to the anole HBK and GBY 
genes that were identified as orthologues of C16orf35 and MPG. These four genes were 
arranged in the order 5’-MPG-c16orf35-HBK-GBY-3’, the order that has been 
conserved in all jawed vertebrates. 
 
However, the genes flanking the anole HBA on scaffold 1188 were totally different to 
those flanking all known globin genes. The anole HBA was flanked by ADCY9 on one 
side and GSG1L on the other. In human these genes also reside on chromosome 16, but 
lie further downstream from the human α-globin cluster. Upon further investigation of 
this scaffold, I found a gap located 3’ of the anole HBA gene indicating that it might 
have been incorrectly assembled in the genome browser. 
 
The scaffolds that contain HBB1 and HBB2 were extremely short and did not contain 
any additional genes. RRM1, CCKBR and ILK, genes which flank the β-globin cluster in 
other amniotes (Taylor et al., 2006, Hardison, 2008, Patel et al., 2008), were found on 
different scaffolds; RRM1 in scaffold 985, ILK in scaffold 3689, and CCKBR in scaffold 
1207. Since it was not clear from the anole genome browser if these genes flank the 
anole β-like globin genes, I attempted to isolate BAC clones containing these genes and 
map their locations on anole chromosomes using FISH. 
 
Screening anole BAC library for globin and flanking genes in order to map their 
locations 
To determine whether (i) anole HBA and HBK are located together, (ii) RRM1, CCKBR 
and ILK flank the β-globin cluster, and (iii) whether α- and β-like globin genes are 
located together on one chromosome or separated on different chromosomes, I screened 
the anole BAC library with 31 overgos (each gene had three to four pairs of overgos to 
increase the success of screening) several times to isolate clones containing α, β and 
flanking genes. As a consequence, 15 clones were identified but only two (CH318-
100L29 and CH318-222G23) were found positive for both HBB1 and HBB2, and none 
for α-like globin or other genes. Multiple attempts to map both clones onto the male and 
female anole chromosomes using single- and two-colour FISH failed to reveal their 
locations. These experiments either resulted in no fluorescent signals being detected or 
the signals were not clear and consistent on the chromosomes. This appeared to be 
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largely a consequence of poor quality metaphases preparations, with metaphase 
chromosomes of male anole being hardly visible and the non-specific hybridisation on 
female chromosomes was so great that it was almost impossible to locate true signals 
from background.  
 
 
Discussion  
Genome sequencing projects have permitted research to an unprecedented depth and 
breadth, providing new opportunities to understand genome organization, function and 
evolution. Studying the gene content and flanking regions of the α- and β-globin 
clusters in mammals and other vertebrates should be greatly facilitated by these 
sequencing projects. In practice, however, many draft genomes have not been fully 
assembled to the extent that all genes are annotated and contigged together. Many gaps 
interrupt the sequences, and genes of interest lie on different contigs, or may be missing 
from the assembly altogether. Thus, there is a huge and continuing effort to overcome 
these problems and fill in the missing pieces to the puzzle.  
 
With the availability of the draft version of the green anole genome sequences at the 
depth of 6.3 times or more, I was able to answer some questions about the structure and 
organization of the lizard globin clusters. However, the anole data set is still incomplete 
and rigorous analysis must await completion of this project. 
 
Discovery and significance of HBK and HBA in lizards and other reptiles 
The anole genome contains at least two α-like globin genes identified as orthologues of 
HBK and HBA, with a confirmed expression of HBK in dewlap and brain. Both HBK 
and HBA are transcriptionally active and form functional haemoglobin in other reptiles 
(Hiebl et al., 1987, Hiebl et al., 1988, Rucknagel and Braunitzer, 1988, Fushitani et al., 
1996, Melo et al., 2003). Phylogenetic analysis of reptile HBA and HBK presented in 
this study is consistent with that of Gorr et al. (1998). The orthologues of both genes are 
present in all mammals, suggesting that these two genes were present in the common 
ancestor of all amniotes. 
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However, the function of HBK in amniotes is speculative. In both reptiles and 
mammals, the HBK is expressed in all stages of development (embryonic and adult), but 
in mammals its product does not assemble into functional haemoglobin tetramers (Goh 
et al., 2005, Cooper et al., 2006, Patel et al., 2008), whist in reptiles it does. The 
reptilian HBK has a higher affinity for oxygen than HBA and therefore, it has been 
suggested to confer an advantage to the embryo living in the hypoxic environment of an 
egg, and to the adult surviving in a hypoxic condition related to high-altitude flight or 
prolonged submersion (Goh et al., 2005). The expression of HBK in an adult anole 
suggests that this gene may also be functional in the anole, but its expression in tissues 
that are not involved in erythropoiesis or globin synthesis suggests that it might have a 
special function in addition to oxygen transportation to adapt to the species’s lifestyle.  
 
Is there an embryonic α-like globin in non-avian reptiles? 
After the duplication of a single primordial globin into the ancestral α- and β-globin 
genes (~450 MYA), the ancestral α-globin gene is thought to have first duplicated into 
progenitors of early- (HBP) and late- (HBA) expressed globin genes (~400 MYA), 
followed by another tandem duplication, to result in the HBK lineage in the common 
ancestor of all tetrapods (Czelusniak et al., 1982, Goodman et al., 1987, Cooper et al., 
2006, Hoffmann and Storz, 2007). Therefore, these three gene lineages (HBP, HBK, 
HBA) have been duplicating and diversifying for ~400 MYA in different tetrapod 
lineages.  
 
However, we were unable to find any sign of an embryonic HBP in the anole assembly. 
Given that birds contain an early-expressed HBP, its absence in the anole genome 
browser was unexpected. It is possible that HBP is present in the anole genome but was 
missed from the incomplete genome sequencing and assembly. Alternatively, it is not 
present in their genome. This would explain early studies at the protein level which 
separated distinct embryonic and adult haemoglobins by electrophoresis; however, these 
molecules did not contain HBP or any other embryonic β-like globin chains 
(McCutcheon, 1947, Manwell, 1960, Pough, 1969, Pough, 1977, Isaacks et al., 1978).  
 
To our knowledge, no embryonic globin genes have ever been characterised in any non-
avian reptiles to date, so it is possible that genomes of non-avian reptiles lack 
embryonic α-globin genes. This would imply that HBP was secondarily lost from the 
genomes of only non-avian reptiles including the anole, as this gene is present in the 
 86 
other amniotes including chickens and mammals, so it must have been present in the 
genome of the common amniote ancestor (Figure 3). Its absence would then lead us to 
speculate that the anole has recruited either HBK or HBA gene to fulfil its embryonic 
requirement of oxygen. Obviously, further expression studies are needed to test whether 
HBK or HBA is expressed in the early stages of development.  
 
 
Figure 3: Model of the evolution of α-globin genes in reptiles 
According to this model, the reptilian ancestor already contained three α-like globin genes, 
HBP (left branch in green), HBK (middle branch in blue) and HBA (right branch in red) of 
which, HBK and HBA have been present in all extant reptiles. HBP is found in birds only but it 
is uncertain if it has been secondarily from genomes of all non-avian reptiles (by three or more 
independent events leading to its pseudogenisation or total elimination) or its presence has been 
undetected so far. 
 
 
Discovery of GBY in lizards and possible roles 
The discovery of GBY, a more distantly related member of globin super-family, 
adjacent to HBK gene in the anole, sparked renewed interest into its evolutionary origin 
and function. Its orthologue was first discovered in frogs (Fuchs et al., 2006) and then in 
platypus (Patel et al., 2008). It has been recently shown that GBY forms a small 
monophylic clade, sharing a common ancestor with other vertebrate-specific globins 
(myoglobin, cytoglobin, Globin E) (Hoffmann et al., 2010a). Although the GBY in frog, 
platypus and lizard is a neighbour to the α-globin cluster, it does not interact with the 
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members of the cluster. Its function and importance is currently unknown, but studies in 
frogs have revealed that GBY bears all the hallmarks of a functional respiratory protein, 
suggesting that it has some sort of oxygen-related function (Fuchs et al., 2006). 
 
Expression studies of GBY could not be performed in the anole, due to unavailability of 
tissue and RNA from this species. However, expression studies of GBY have previously 
been performed in frogs (Fuchs et al., 2006) and platypus (Patel et al., 2008). In both 
species, it is expressed in broad range of tissues but most strongly in gonads, unlike any 
other globin gene. The significance of this unusual expression is still not well 
understood, but it is believed that GBY may be involved in some sort of special oxygen 
transportation in gonads of these species (Patel et al., 2008).  
 
Both these species and lizards have one major phenotype in common, that is, they are 
all oviparous (lay eggs). Frogs lay slimy and gel-like eggs in puddles, ponds and lakes, 
lizards lay soft and leathery eggs in moist soil/sand, and platypuses lay soft and leathery 
eggs in burrowed soil. Perhaps the hypoxic conditions under which eggs are incubated 
demand a special oxygen transportation system that enables the embryos to survive. If 
this were the case, we might expect a functional GBY to be present in the genomes of 
oviparous, but not viviparous amniotes. However, I could find no GBY in chicken and 
zebrafinch genomes, although they also lay eggs. GBY could therefore, have been lost 
secondarily in birds after they acquired flight, a different structured eggshell with more 
pores, a drier environment for egg incubation, and more nurturing from their mother. It 
would be interesting to search for GBY in other birds, and also in fish.  
 
Comparative analyses of GBY between different species show considerable interspecies 
variation in sequence and structure. The nucleotide sequence of GBY is poorly 
conserved (<50%) among different species; for instance X. laevis GBY shows only 38% 
amino acid identity with both platypus and lizard GBY, and lizard and platypus GBY 
show only 36% amino acid identity. This is, perhaps not surprising, given the very long 
divergence times of these species. However, even closely related species show 
considerable divergence; for example, X. tropicalis and X. laevis GBY have only 79% 
amino acid identity (Fuchs et al., 2006). Even the lengths of the coding domain of GBY 
differ between frog (156aa), lizard (147aa) and platypus (154aa). The intron lengths, in 
particular, are very different between these species; for example, the introns of GBY in 
frogs are enormous compared to GBY introns in lizards.  
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These differences in GBY sequence and structure could be a result of the ancient origin 
and rapid evolution of GBY. Since GBY was present in the common ancestor of all 
jawed vertebrates (Patel et al., 2008, Hoffmann et al., 2010a), it has been diversifying 
for more than 400 million years, and evolving at a much higher rate compared to other 
globin genes. For example, in closely related species such as X. laevis and X. tropicalis 
that diverged about 30 MYA, GBY shows a higher amino acid replacement rate of 
1.29x10-9 per site per year, compared to 0.54x10-9 per site per year for mammalian and 
Xenopus cytoglobin based on a divergence time of 360 MYA (Fuchs et al., 2006).  
 
So far, no orthologue of GBY has been discovered in any therian (marsupial and 
eutherian) mammal, suggesting that it was lost before the divergence of marsupials from 
eutherians 148 MYA. Perhaps its rapid evolution made GBY more vulnerable to 
nucleotide changes that led to its pseudogenisation and loss in therian mammals, where 
its function may have become redundant with the evolution of viviparity. 
 
Findings and significance of HBB1 and HBB2 in lizards 
Two birds (the chicken and zebrafinch) are the only species of reptiles for which the 
entire globin clusters have been evaluated at the molecular level. Early studies of the 
globins in other reptiles relied on protein data that showed the presence of certain β-
globin chain in the blood of either an embryo (that combined with HBK) or an adult 
(that combined with HBA), implying that genes encoding these proteins are also present 
in their genomes. The relationship between the reptile β-globin chains was last analysed 
more than a decade ago (Gorr et al., 1998). 
 
Birds possess four β-like globin genes (HBE, HBB-T1, HBB-T2, HBR). However, so far 
in non-avian reptiles the score has been spotty; one β-globin (HBB) in turtles and 
crocodiles, and two in squamates (HBB1 and HBB2) and tuatara (HBB1 binds with HBA 
and HBB2 binds with both HBA and HBK) (Gorr et al., 1998 and references therein). It 
is possible that non-avian reptiles possess more β-globin like genes, but the incomplete 
sequencing and assembly have not discovered them. 
  
I discovered that the anole genome contains two paralogous β-like globin genes. These 
were identified as HBB1 and HBB2, which had not been previously identified by protein 
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analysis in this species. Phylogenetic analysis of reptile β-globin protein data presented 
in this report is inconsistent with that of Gorr et al. (1998). Using very limited β-globin 
protein sequences, Gorr and colleagues reported that lizard HBB1 and HBB2 were 
closely related to snake HBB1 and HBB2, respectively, suggesting a squamate-specific 
duplication of an ancestral β-globin gene. However, their phylogenetic analysis lacked 
tuatara HBB1 and many other bird β-globin sequences including chicken HBE, HBP 
and HBB-T1. My phylogenetic analysis contains more β-globin protein sequences of 
extant reptiles than used by Gorr et al. (1998) so is likely to be more robust. 
 
My phylogenetic analysis showed that the lizard (including anole) HBB1 and HBB2 are 
not, after all, 1:1 orthologues to snake HBB1 and HBB2, respectively. Instead, both 
lizard β-like globins are more similar to snake HBB2, and, together with tuatara HBB1, 
form a monophylic sister clade to snake HBB1 (Figure 2). The second tuatara β-globin 
(HBB2 or βD) groups outside this clade, suggesting that it is evolving at a very slow rate 
(Gorr et al., 1998). Its relationship with squamate HBB1 and HBB2 still remains 
unclear. More sequences and rigorous analyses are required to resolve their 
relationships.  
 
The nomenclatures of β-like globin genes have become very inconsistent. I also propose 
renaming some of the reptilian β-globin chains to more accurately reflect their 
phylogenetic relationship. For example, based on the close relationship of lizard HBB1 
and HBB2 to snake HBB2, I would suggest that lizard globins be renamed HBB2-T1 and 
HBB2-T2. Likewise tuatara HBB1 should be renamed HBB2 and tuatara HBB2 to HBB1 
once confirmation from more sequences of other species is available.  
 
The presence of two β-like globins in tuatara and squamates indicates that these two 
globins existed in their common ancestor, suggesting a lepidosaur-specific duplication 
of an ancestral β-globin gene. In addition, my phylogeny suggests that the two β globins 
present in lizards are a result of lizard-specific duplication of snake-like HBB2 gene, 
rather than squamate-specific duplication as had been originally proposed (Gorr et al., 
1998).  
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In crocodiles and turtles, however, only one type of β-like globin gene has been 
discovered to date. This suggests that the reptile ancestor contained a single ancestral β-
globin gene.  
 
The absence of embryonic β-like globins in lizards reflects a different gene content and 
structure than the bird β-globin cluster of four genes. Chicken HBE and HBR are 
embryonic genes that are expressed in the early stages of development (Schalekamp and 
Van Goor, 1984, Baumann et al., 1987). Since all other jawed vertebrates that have been 
studied at the protein level possess both embryonic and adult expressed α- and β-like 
globin genes (Banville and Williams, 1985a, Goodman et al., 1987, Hoffmann and 
Storz, 2007), it would be surprising if lizards did not also possess at least one 
embryonic β-like globin gene. However, as for the embryonic α-like globin genes, there 
is no evidence for the existence of any embryonic β-like globin gene in the anole 
genome. Unless the absence of the embryonic HBP gene from lizards proves to be an 
assembly artefact, either HBB1 or HBB2 could be embryonically expressed in the anole 
and other lizards.  
 
Unlike α-globins, the duplication of an ancestral β-globin gene into progenitors of 
early-expressed (HBE) and late-expressed (HBB) β-like globin genes is not clear for 
reptiles because of incomplete studies in different extant reptiles. Therefore, it still 
remains uncertain whether embryonic β-like globin gene existed in the common 
ancestor of birds and lizards, followed by independent divergence or lost in each of 
reptilian lineages. Alternatively, the duplication leading to early- and late-expressed β-
like globin genes occurred independently in each of reptilian lineages. To solve these 
hypotheses, characterisation of the entire β-globin cluster and expression data are 
needed for various reptilian species. 
 
Evolution of β-globin genes in reptiles 
The inconsistency of β-globin gene copy numbers and conservation in different reptilian 
species makes it difficult to reconstruct the ancestral β-globin cluster at the stem of 
reptilian/mammalian divergence. Phylogenetic analysis of all reptilian β-globin amino 
acid sequences presented here showed species-specific clustering, suggesting that gene 
duplication occurred independently in each reptilian lineage.  
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Here, I propose two alternative models for the evolution of β-globin genes in reptiles, 
assuming that all β-globin genes have been identified. Since crocodiles and turtles 
contain one β-globin gene, the first model (Figure 4A) suggests that the reptilian 
ancestor contained a single ancestral β-globin gene, which first duplicated in the 
lepidosaur lineage (tuatara, snakes and lizards) to result in proto-β1 and proto-β2, both 
of whose descendants are seen in tuatara and snakes. However, during the evolution of 
lizards the proto-β1 gene was secondarily lost from the genome, while proto-β2 gene 
underwent tandem duplication to result in two paralogous β-globin genes in all lizards, 
as supported by the phylogenetic tree shown in Figure 2. In the avian lineage, there 
were further duplications of the ancestral β (independent from the duplication in 
lepidosaurs) to result in a four-gene cluster in chicken and zebrafinch. The exact 
number and timing of these duplications in the avian lineage is unknown at this stage 
because of incomplete β-globin studies in a range of birds.  
 
Although no expression studies have been performed in lepidosaurs, the division of 
labour between early and adult stages of development could be similar to those of 
chickens and zebrafinch, but employ different gene copies. Thus, three independent 
duplications of β in the avian, lepidosaur and lizard lineages may have been followed by 
convergent evolution whereby selective pressure and purifying forces would have 
resulted in their genes having similar expression patterns and functions. As a 
consequence of independent duplications, the reptilian β-globin genes show fewer 
similarities to those of mammals.  
 
The other possible, but less parsimonious, model (Figure 4B) proposes that the reptilian 
ancestor possessed two proto-β-globin genes, which underwent differential gene loss 
and duplication in different reptilian lineages. The proto-β1 is found in crocodiles, 
turtles, tuatara, and snakes and duplicated further in birds, whereas in lizards it was 
secondarily lost from the genome. The proto-β2 is found in tuatara and snakes, and as 
two paralogous copies in lizards, but was secondarily lost in the common ancestor of 
birds, crocodiles and turtles. According to this model, there may be either functional or 
remnants of proto-β2 present in crocodiles and turtles and proto-β1 in lizards.  
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Figure 4: Proposed models for the β-globin gene evolution in reptiles 
A) According to the top model, the reptilian ancestor contained a single ancestral β-globin gene 
that independently duplicated in the bird and lepidosaur (tuatara, snake and lizard) lineages. The 
latter duplication resulted in two proto-β genes; proto-β1 (green branch) that is present in tuatara 
and snakes but lost in lizards, and proto-β2 (red branch) that is present in tuatara and snakes and 
as two copies in lizards fulfil the species’ requirement for oxygen; B) According to the bottom 
model, the reptilian ancestor already had two paralogous proto-β globin genes that underwent 
differential gene loss and diversification in different lineages. The proto-β1 (blue branch) exists 
in all reptilian lineages (except lizards) and independently duplicates further in bird lineage. The 
proto-β2 (red branch) however, is secondarily lost from the genome of the common ancestor of 
birds, crocodiles and turtles, but it is present in tuatara, snakes and further duplicated in lizards. 
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Future study needed in another lizard species 
The anole genome browser shows the presence of HBK and HBA on two different 
scaffolds. Flanking analyses show that HBK is flanked by MPG and C16orf35 at the 5’ 
end and GBY at 3’ end, which are typical in other tetrapods, suggesting a true α-globin 
cluster. The location of anole HBA (flanked by ADCY9 and GSG1L) on another scaffold 
is unexpected and may be a product of incomplete and/or inaccurate assembly or 
another transposition event like β-globin.  
 
The flanking genomic region of β-globin cluster also could not be established in the 
anole as the two β-like globin genes, and the genes that flank other amniote β-globin 
clusters (RRM1, CCKBR and ILK) lay on different scaffolds.  
 
I therefore attempted to map BAC clones containing these genes onto anole 
chromosomes to determine the relationship of globin and their flanking genes. 
However, many repeated BAC library screening and FISH experiments failed to isolate 
BACs containing genes other the β-like globin genes, so it was not possible to map their 
locations. Even the mapping of two BAC clones containing the anole β-globin cluster 
was unsuccessful. Thus, it remains unknown if the anole α- and β-globin clusters and 
their flanking genes are located together or on two different chromosomes, as predicted 
by the transpositional model. As a consequence, the evolution of reptilian α- and β-
globin clusters could not be determined from anole data.  
 
The difficulties I described for mapping the anole α- and β-globin clusters were mostly 
due to poor quality BAC library and chromosome preparations being available for this 
species, a problem that could have been overcome if I used a species readily available in 
Australia. Thus, there is a need to study another lizard species to fill in the missing 
information and questions left unanswered by the anole. For this reason, I undertook 
studies in an Australian model lizard species, the bearded dragon lizard (Pogona 
vitticeps) for which resources such as a BAC library and chromosome preparations are 
readily available in Australia. 
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Conclusion and future direction 
The hypotheses presented here are still subject to much uncertainty as long as genome 
sequencing and assembly of the green anole is incomplete. It is vital to finish the 
analysis of this genome, and to add other reptile genomes at depth, to search for known 
embryonic globin genes. More DNA sequence data covering the entire α- and β- globin 
clusters from many different extant non-avian reptiles, along with their expression 
studies in different tissues and developmental stages, are needed to clarify α- and β-
globin gene evolution and function in reptiles. The forthcoming sequencing projects of 
duck (Anas platyrhynchos) and turkey (Meleagris gallopavo) will be useful, but genome 
sequencing of a crocodile, turtle, tuatara and snake would provide much greater benefits 
to globin research. I therefore studied an Australian model reptile in order to delve 
further into the evolution of globin genes in reptiles.  
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Abstract 
The high-level expression of genes inside the α- and β-globin loci is controlled by cis-
regulatory regions containing many DNase I hypersensitive sites (HSs) that bind trans-
acting factors. These regulatory regions have been extensively studied in eutherian 
mammals and birds, and comparisons of their sequence and function have been made 
even with those of fish. However, it will be important to fill the phylogenetic gap with 
information about globin regulatory regions in monotreme mammals that represent the 
most basal clade in mammals. In order to fill this knowledge gap, we used a 
combination of computational approaches to predict an orthologous major regulatory 
element (MRE of size 389 bp) of the platypus α-globin locus that has a pattern of 
transcription factor binding sites similar to that of therian mammals. We tested its 
enhancing activity in the transient transfected K562 erythroid cells, which showed an 
almost ten-fold increase in activity. We also searched near the platypus β-globin locus 
for orthologues of the human locus control regions (LCR) and the chicken βA/ε 
enhancer, responsible for regulation of the β-globin locus, but failed to find any region 
conserved between them. We then predicted and tested nine putative sites containing a 
cluster of binding sites for GATA1, EKLF, AP1/NF-E2 and YY1 that are involved in 
globin regulation in eutherian mammals. However, the enhancer assay showed only one 
of these sites to have a significant (two-fold) increase in activity consistent with a role 
in regulation of the platypus β-globin locus. Our results suggest that the regulatory 
regions of the monotreme, therian and bird β-globin clusters have either diverged 
significantly or evolved independently along with their genes. Alternatively, these 
regions may have evolved by rapid turnover of transcription factor binding sites from a 
common ancestral regulatory region.  
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Introduction 
The regulatory regions of the amniote α- and β-globin loci have been used as models 
for defining the properties of both local and distant non-coding regulatory elements. 
Despite α- and β-globin clusters being located on different chromosomes, their cis-
regulatory elements, along with proximal promoters, coordinate the high-level 
expression and regulation of genes contained within these clusters in erythroid-specific 
cells and different stages of development. This is critical in producing balanced 
concentrations of α- and β-globin chains to form a functional α2β2 haemoglobin 
molecule needed for oxygen transportation and survival. 
 
In therian mammals (marsupials and eutherians), both α- and β-globin clusters possess 
distinct dominant cis-regulatory elements, located further upstream from the structural 
genes, that can activate the entire cluster and lead to high-level expression of each 
globin gene. These are known as major regulatory elements (MRE, also known as HS-
40 in humans) for the α-globin locus, and the locus control region (LCR) for the β-
globin locus. Both regions contain multiple conserved binding sites for trans-acting 
factors (activators and repressors) that confer high-level, tissue-specific, copy number-
dependent, position-independent expression of associated globin gene in transgenic 
mice (Grosveld et al., 1987a, Higgs et al., 1990).  
 
The structure, size and location of α-globin MRE and β-globin LCR are different. The 
MRE is about 400 bp long and contains a single DNase I hypersensitive site (HS) that is 
located about 20-60 kb upstream of the α-globin locus. The LCR comprises five HSs 
(henceforth, referred to as HS1-5), each containing a core sequence of ~250 bp and 
totalling 20-25 kb in length, and is located 6-20 kb upstream of the β-globin locus 
(reviewed in Hardison, 1998, Stamatoyannopoulos, 2005). The LCR is also involved in 
opening the chromatin over a discrete locus in erythroid cells, whereas MRE does not 
possess this role as it is located in constitutively open and active chromatin in all cell 
types (reviewed in Hardison et al., 1997, Higgs et al., 2008).  
 
How these regulatory regions evolved is not well understood and their origins are 
obscure. The α-β globin clusters in fish and frog must represent the ancestral stage, 
which remains in amniotes as the α-globin cluster (Flint et al., 2001, Gillemans et al., 
2003, Hughes et al., 2005, Hardison, 2008, Patel et al., 2008). The MRE of the human 
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(Homo sapiens) α-globin cluster, along with the α-globin cluster of other eutherian 
mammals, are highly conserved (in terms of distribution of transcription factor binding 
sites) with MRE sequences in the α-globin cluster of a dasyurid marsupial (the stripe-
faced dunnart Sminthopsis macroura), chicken (Gallus gallus), pufferfish (Spheroides 
nephelus) and medeka (Oryzias latipes), reflecting the ancient origin of the cluster (Flint 
et al., 2001, De Leo et al., 2005, Maruyama et al., 2007). 
 
The amniote β-globin cluster, however, evolved recently, just prior to the reptilian and 
mammalian divergence that occurred 315 million years ago (MYA), when a copy of the 
β-globin gene transposed from the ancient α-β globin cluster and inserted into a sea of 
olfactory receptor genes, followed by lineage-specific duplication of this β-globin gene 
(Gillemans et al., 2003, Hardison, 2005, Hardison, 2008, Hoffmann et al., 2008, Patel et 
al., 2008). Therefore, it is not surprising that its regulatory regions have no similarities 
to the amniote α-globin cluster or fish and frog α-β globin clusters. Given that 
transposition separated the α- and β-globin clusters in amniotes, it is interesting to 
consider how this event affected the regulatory apparatus of these globin clusters, in 
particular the β-globin cluster that resides in a cluster of olfactory genes that are 
constantly active in olfactory epithelium cells rather than erythroid-specific cells 
(Bulger et al., 1999). How did the regulatory elements evolve to adapt to the separation 
of α- and β-globin clusters in amniotes to maintain their coordination, developmental 
regulation and balanced production? 
 
Perhaps as a consequence of this recent relocation, the LCR of therian mammals shows 
no conservation with the regulatory region of the chicken β-globin cluster (Reitman and 
Felsenfeld, 1990, Reitman et al., 1993a). Although chickens have four HSs located 
upstream of the β-globin locus, these sites do not act as a LCR to enhance the high-
level, copy number-dependent, position-independent expression of associated globin 
gene in transgenic mice (Reitman et al., 1995), nor do they show any sequence 
similarities to human HS1-5 (Reitman et al., 1993a). Instead, there is a strong enhancer 
located within the chicken β-globin cluster called the βA/ε enhancer (Choi and Engel, 
1986, Hesse et al., 1986); however, it cannot sufficiently open chromatin, and requires 
the cooperation of four upstream HSs and other gene promoters (Reitman et al., 1993b).  
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In this report, we use comparisons between upstream sequences in the duck-billed 
platypus (Ornithorhynchus anatinus), a monotreme mammal, to understand the 
evolution of MRE and LCR in amniotes. Monotremes are basal in the mammalian 
phylogeny, having diverged from therian mammals about 166 MYA (Bininda-Emonds 
et al., 2007). Platypus MRE and LCR have not yet been characterised, although claims 
have been made for isolating HS2 and HS3 of β-globin LCR in the platypus that shows 
high sequence similarities to therian HS2 and HS3, respectively (De Leo et al., 2005).  
 
The main aim of this study was to identify MRE and HS1-5 (that represent the LCR) in 
the sequenced bacterial artificial chromosome (BAC) clones that we had previously 
characterised and shown to contain α- and β-globin clusters (Patel et al., 2008), in order 
to study MRE and LCR evolution in mammals. We employed several different 
bioinformatics strategies to predict these sites, and then tested their activities using 
enhancer assays by transient transfection into K562 erythroid cells. Our results show 
that the platypus has a very active orthologous MRE upstream of their α-globin cluster 
that has a conserved pattern of transcription factor binding sites as therian mammals. 
However, we failed to find previously reported HS2 and HS3 sites in the platypus 
genome, nor did we detect any other orthologue of therian HS1-5 sites or chicken βA/ε 
enhancer near the platypus β-globin locus. This suggests that platypus sequences may 
have diverged significantly from those of therian mammals, or that they may possess a 
unique regulatory region, which may have evolved independently along with their β-
like globin genes, or by rapid turnover of transcription factor binding sites, thus 
showing no conservation at sequence level with therian mammals and birds. 
 
 
Materials and methods: 
Data mining and multiple alignment searches for MRE 
From the UCSC genome browser (http://genome.ucsc.edu/cgi-bin/hgBlat) (Kent et al., 
2002), the genomic region between exons 5 and 6 (including the intermediate intron 5 
where MRE is located) of C16orf35 were extracted for human (hg18 Mar.2006; chr16: 
102615-107388), mouse (mm9 Jul.2009; chr11: 32150119-32153963), cow (bosTau4 
Oct.2007; ch25: 621310-626170), opossum (monDom5 Oct 2006; chr6: 149327992-
149331604) and platypus (BAC clone Oa_Bb2L7 [Genbank accession number: 
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AC195438]; 118533-121541) and aligned in ClustalW (http://align.genome.jp) 
(Kanehisa et al., 2006). No alignment was obtained using default settings, but relaxing 
the stringency of gap penalty to ‘gap opening’=5 and ‘extension’=2 allowed the 
sequences to align. The sequences were also aligned in phylogenetic footprinting web-
based programs, Multipipmaker (Schwartz et al., 2000) and Mulan (Ovcharenko et al., 
2005) using default settings. 
 
Extraction of short candidate sequences to search for MRE 
Using a short sequence (~400 bp) of the human MRE (hg18 Mar.2006; chr16: 103501-
103920), pairwise (local) alignments were performed in ClustalW2 v.2.0.8 
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) (Larkin et al., 2007) with each of the 
above sequences to extract the best aligned region. These candidate regions were short 
(350-500 bp), representing the orthologous MRE of mouse, cow, opossum and platypus 
(sequences shown in Supplementary File 1), and were used for multiple alignment in 
ClustalW2 v.2.0.8 (Larkin et al., 2007) with ‘gap opening’=10 and ‘extension’=5. The 
output alignment was further improved manually by either introducing or deleting a 
gap. 
 
Database Search for previously isolated HS2 and HS3 
Many different database searches were performed to find the best possible match for 
previously isolated platypus HS2 [AY692459] and HS3 [AY692460]. These included a 
BlastN search against the whole database, trace archive of platypus whole genome 
shotgun (WGS) sequences and other short reads (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 
(Sayers et al., 2010) and BLAT search against the platypus genome in another genome 
browser UCSC (Kent et al., 2002). The query sequences were also aligned with a 
previously characterised platypus BAC clone Oa_Bb484F22 [AC192436] containing 
the β-globin cluster using Bl2seq (Sayers et al., 2010). 
 
PCR amplification of HS2 and HS3 from the platypus genomic DNA 
Primers were designed from platypus HS2 [AY692459] and HS3 [AY692460] using 
Primer3 v.0.4.0 (Rozen and Skaletsky, 2000) and synthesized by GeneWorks Pty Ltd 
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(Adelaide, Aust). Details of the primers, sizes of amplified products from gDNA and 
annealing temperature used for PCR reactions are listed in Table 1.  
 
 
Table 1: List of primers, their annealing temperatures for PCR reactions and predicted product 
sizes of amplification from genomic platypus DNA.  
Primers Sequences (forward primer on top panel, reverse 
primer on bottom panel) 
Annealing 
temperature 
Product 
size (bp) 
DeLeo_HS2 CAGCAGTGCTGAGTCATGCTGAGTCATGC 
ATATTCTAGGTTATGTCACACACACGCCA 
55 ~200 
DeLeo_HS3 TTTGACTCAGCAAACACAAGACC 
AGAGTCACAGACTCCACCCTGAGC 
60 ~200 
Own_HS2_1 GCCAGATGTCAGGAGTGATAGT 
CCTGGATTAAGTTATTTCCCTTC 
55, 58.1, 61 126 
Own_HS2_2 CAGTGCTGAGTCATGCTGAGTC 
AGGTTATGTCACACAGCAGGC 
55, 58.1, 61 198 
Own_HS3_1 CTTTTGAGGCTGCTTTGGC 
CCCCCTGGTCATCTATCGTG 
55, 58.1, 61 126 
Own_HS3_2 CTAGGCCCCCTTTTGAGG 
ACAGACTCCACCCTGAGCAA 
55, 58.1, 61 163 
MRE1 GCACGCGTGCTGCTTCCTTTCCGTTC 
TTGCGGCCGCATAGGACACGCTGCTTCTGG 
66 389 
MRE2 GCACGCGTATGCCAAGAACTGGGGTAGA 
TTGCGGCCGCACCCAAGTCCATCTGTCTCC 
66 821 
pHS#1 GCACGCGTAAACTCATCTTCCACCGCAAA 
TTGCGGCCGCGGAGTGAAGTGAGTGCCTAAATG 
64 848 
pHS#2 GCACGCGTCCTCTCCCTCGTTATGGCTCT 
TTGCGGCCGCGCTTGGTACATGGCCTAGTGG 
64 931 
pHS#3 GCACGCGTTGATCTCCTGGCCTCCTTTC 
TTGCGGCCGCTGCCACAGAGCTTCCAATCA 
64 750 
pHS#4 GCACGCGTTGAGGAACATTTATCGCCTTG 
TTGCGGCCGCGAGGATGGAGGTGTTGTCTGG 
64 835 
pHS#5 GCACGCGTTGAAATGGGAAGCACCCAAG 
TTGCGGCCGCAATACTGCTTCTCAAGCACTTGGTA 
65 655 
pHS#6 GCACGCGTAGGTCCCACATGGTCACAGC 
TTGCGGCCGCGCTCCTTGGTCATGTGCTTC 
64 660 
pHS#7 GCACGCGTGGCCTCGCTTGAACTATGCT 
TTGCGGCCGCCTCCGATCCTCTGGGTCAGT 
64 901 
pHS#8 GCACGCGTGCCTTTACTCCCACCCTCCA 
TTGCGGCCGCGGCTTGATGGTGATGGCACT 
64 680 
pHS#9 GCACGCGTGAGAGATGGAGAACCAAGGACA 
TTGCGGCCGCTCTTTACACCGCCCAGCTTC 
64 655 
N#1 GCACGCGTCCCTCCAATCCCTCCCTGT 
TTGCGGCCGCCGACTCCTCCAGCCACATC 
66 443 
N#2 GCACGCGTGGCACTGGATCACTCTGTGG 
TTGCGGCCGCTAGCCACCTCTGCCCACTTT 
65 908 
N#3 GCACGCGTCACCTCCTTCTTTCATTCTGTCC 
TTGCGGCCGCCCTTAGTTCCCTGTCCCTTCTG 
65 694 
N#4 GCACGCGTCGGGCAAGAGAAGGAGAATG 
TTGCGGCCGCTGGATGAACCGAGCAGAGTG 
65 696 
N#5 GCACGCGTCCTTCACCTTCTCCTCCATCA 
TTGCGGCCGCTGCTTCACAATTCGCCTTCA 
65 669 
MCSγluc GCAAAATAGGCTGTCCCCAGTGCAAGTGCA 
AGCGGTTCCATCTTCCAGCGGAT 
Sequencing primers 
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A standard PCR reaction was performed in a final volume of 25µl, with 100ng platypus 
female gDNA, 1x Green GoTaq® Buffer (Promega Corporation, Madison, Wisconsin, 
USA), 0.2mM dNTPs, 1.25U GoTaq® DNA Polymerase (Promega Corporation, 
Madison, Wisconsin, USA) and 1µM each of forward and reverse primers. PCR cycling 
conditions were: 94°C for 2 mins, then 35 cycles of 94°C for 30 secs, 56-64°C for 30 
secs, 72°C for 1 min, followed by a final extension of 72°C for 10 mins. The amplified 
products were run on 1% TAE agarose gel stained with SYBR® Safe (Life 
Technologies Corporation, California, USA). Amplified DNA from the gel was 
extracted using either QIAquick® gel extraction kit (Qiagen Sciences, Germantown, 
MD, USA) or PureLinkTM PCR purification kit (Invitrogen, Carlsbad, USA) following 
the manufacturers’ protocols. The purified PCR products were then directly sequenced 
at the Australian Genomic Research Facility (Brisbane, Australia).  
 
Attempts to re-isolate HS2 and HS3 from the platypus gDNA including those from 
another dasyurid marsupial, the fat-tailed dunnart Sminthopsis crassicaudata, and 
mouse Mus musculus (positive control) was also performed following methods as 
described by De Leo et al. (2005). Although De Leo and colleagues did not specify 
which brand of DNA polymerase they used in their experiment, we used GoTaq® DNA 
Polymerase (Promega Corporation, Madison, Wisconsin, USA) for amplification of 
template DNAs. 
 
Predicting HSs in the platypus BAC clone containing the β-globin cluster 
Human HS1-5, representing the β-globin LCR, were extracted from the β-globin locus 
[NG_000007]: HS5 (Coordinates: 6245-6302), HS4 (9648-9713), HS3 (12459-13097), 
HS2 (16671-17058) and HS1 (21481-21766). Each of these sequences were 
preliminarily aligned pairwise with the sequenced and characterised BAC clone 
Oa_Bb484F22 [AC192436] using ClustalW2 v.2.0.8 (Larkin et al., 2007). Even though 
no significant best-scoring alignment or conserved pattern of binding sites could be seen 
between human and platypus, the aligned HS3 region was analysed further. This region 
from platypus BAC clone Oa_Bb484F22 (coordinates: 46315-46585 on reverse 
complemented strand) was extracted and then multi-aligned with mouse HS3 (mm9 
Jul.2009; chr7: 111014292-111014570), cow HS3 (bosTau4 Oct.2007; ch15: 
47786477-47786746), dunnart HS3 [AC148753: 18865-19206] and human HS3 (hg18 
Mar.2006; chr11: 5262458-5262745) using ClustalW2 v.2.0.8 (Larkin et al., 2007). The 
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whole method was repeated using stripe-faced dunnart HS3 and chicken βA/ε enhancer 
[M12890]. The results were, at best, short, local alignment blocks that were prone to 
exclude a lot of the platypus sequence, due to lack of conservation over the 
phylogenetic distances between the species. 
 
A more direct and inclusive approach was then used to predict short candidate regions 
spanning 500-1000 bp in the platypus Oa_Bb484F22 clone itself, that contained 
putative binding motif sequences for transcription factors relevant to globin regulation, 
the results of which could be used to determine conservation. Using nucleotide 
ambiguity code rules IUPAC (International Union of Pure and Applied Chemistry) 
consensus binding sites for GATA1, EKLF, AP1/NF-E2 and YY1 (Table 2) were first 
matched with the platypus sequences, and cases in which these sequences were located 
in close proximity (spanning 500-1000bp), defined candidate ‘clusters’ (software 
available upon request). 
 
Table 2: Consensus binding sequences for transcription factors (except for MZF1) implicated in 
MRE and LCR functions (Hardison et al., 1997 and references therein). MZF1 may regulate 
tissue-specific expression of α-globin genes along with other transcription factors. 
Motif Transcription 
Factor 
Expression Consensus Sequence Other Relatives  
MARE AP1/NF-E2 Ubiquitous TGASTCA LCRF1/Nrf1/Bach1 
GATA GATA1 Erythroid wGATAr GATA 2, 3, 4, 5, 6 
CACBP EKLF Erythroid CCnCnCCCn Sp1, TEF2/BKLF 
YY1 site YY1 Ubiquitous vdCCATnwy  
MZF1 site  MZF1 Myeloid AGTGGGGA 
CGGGnGAGGGGGAA 
 
 
 
The sequences of the clusters were preliminarily aligned to the genomic sequences of 
human, mouse, and dunnart HS3 regions, using MULTIZ (Blanchette et al., 2004) to 
eliminate false negative predictions. The alignments were then searched for sequences 
matching the consensus binding sites for GATA1, EKLF, AP1/NF-E2 and YY1 
(discarding the indel characters and scanning sequences individually when run on 
alignments, projecting the position of matches onto a reference sequence). This makes it 
possible to identify motif-matching sequences in multiple alignments without requiring 
complete conservation of the motif or complete accuracy of the alignment procedure. In 
order to determine whether the patterns for transcription factor binding sites were 
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conserved, multi-alignment with HS3 of human, mouse, cow and dunnart was 
performed in ClustalW2 v.2.0.10 (Larkin et al., 2007) using ‘gap opening’=10 and 
‘extension’=5. The software for doing this analysis has been implemented as a server at 
http://cladimo.bx.psu.edu/form/. 
 
Prediction of other transcription factor binding sites in candidate regions  
Transcription factors were searched in the putative MRE and pHS#7 using TFSEARCH 
v.1.3 (Akiyama, Unpublished), which searches highly correlated sequence fragments 
using position-weighted matrices of experimentally proven transcription factor binding 
sites from the TRANSFAC database (Heinemeyer et al., 1998).  
 
Designing neutral fragments for the enhancer assay 
Using the platypus genome sequences (ornAna1 Mar.2007) from the UCSC genome 
browser random non-coding regions from various chromosomes were selected as 
neutrals (no expected activity) for the enhancer assay. The regions were selected on the 
basis that they contained comparable length and %GC content to some of the test 
regions (putative MRE and pHS#1-9). The locations of the regions in the platypus 
genome are: N#1 (chr1: 38812866-38813308), N#2 (chr3: 26662090-26664089), N#3 
(chr1: 13578039-13578732), N#4 (Ultra336: 1518749-1519444), N#5 (chr5: 19109920-
19110588). 
 
Cloning test and neutral regions into MCSγ luc plasmid 
There were a total of 16 platypus-specific fragments (2 test for MRE, 9 test for pHS#1-9 
and 5 for neutrals) to clone into the firefly luciferase reporter plasmid MCSγluc 
(Elnitski et al., 2001) containing the human Aγ-globin (HBG1pr) gene promoter (Wang 
et al., 2006).  
 
PCR was performed as above except for some modifications. Restriction sites for Mlu I 
(GCACGCGT) and Not I (TTGCGGCCGC) were added at the 5' ends of the forward 
and reverse primers, respectively (refer to Table 1 for primer details). For the PCR 
reaction, instead of using GoTaq® DNA Polymerase, 0.5x Advantage® 2 DNA 
Polymerase and 1x Advantage® 2 Buffer (Clontech Laboratories, Inc., Mountain View, 
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CA, USA) were used. The PCR reaction was also increased ten-fold to result in a highly 
concentrated end product. DNA double digest of the PCR products (~200ng) and vector 
(450ng) were performed in a total volume of 10µl with 0.1µl of 10x BSA Buffer, 1µl of 
10x Buffer D, 0.5µl of Not I restriction enzyme and 0.5µl of Mlu I restriction enzyme 
(all from Promega Corporation, Madison, Wisconsin, USA) and incubated at 37°C for 
two hours. The reaction was stopped at 65°C for 20 mins. DNA was ligated in a final 
volume of 10µl with the vector to insert ratio of either 1:2, 1:3 or 1:4 and with 1x T4 
ligase buffer and 3U of T4 DNA Ligase (Promega Corporation, Madison, Wisconsin, 
USA). The samples were incubated at 15°C for two hours. The cloned plasmid was 
transformed into TOPO One Short® TOP10 competent cells using TOPO TA cloning® 
kit protocol (Invitrogen, Carlsbad, USA) and the resulting plasmids were purified 
according to Wizard® Plus SV Minipreps DNA Purification System (Promega 
Corporation, Madison, Wisconsin, USA). To confirm if the insert contained the region 
of interest, DNA double digest was performed (as above) and the insert was directly 
sequenced at the Australian Genome Research Facility (Brisbane, Australia) using 
plasmid-specific (MCSγluc) primers shown in Table 1. 
 
Enhancer assay by transient transfection 
The enhancer assay was carried out according to Cheng et al. (2009) with the following 
modifications. The cloned plasmid DNAs, as well as three previously tested mouse-
specific neutrals (GHN78, GHN213 and GHN240) and two positive controls (GHP88 
and GHP181) from our last experiment, were transiently transfected into K562 cells in a 
96 well plate (eight wells per test construct). In each well, 14µg of cloned plasmid 
containing firefly luciferase reporter was mixed with 0.00035µg of cotransfection 
control plasmid expressing Renilla luciferase in OptiMEM medium (Invitrogen, 
Carlsbad, USA), 0.21µl Lipofectamine LTX and 14µl of PLUS Reagent (Invitrogen, 
Carlsbad, USA). The K562 cells were plated at 2.8 x 104 cells per well in 200µl. Each 
plasmid was transfected eight times and tested in four separate experiments to get an 
average. Luciferase activities were recorded after 48 hours. 
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Results  
Many different approaches were utilised to search for regulatory regions of the platypus 
α- and β-globin clusters. To identify α-globin MRE in the platypus, long sequences 
(between exon 5 and 6 of C16orf35) and short candidate sequences (containing MRE) 
were aligned in multiple sequences using different phylogenetic footprinting programs. 
However, identifying the platypus β-globin HSs were not as straight forward as 
identifying the α-globin MRE. Here we describe a series of methods that we used to 
identify the regulatory regions of the platypus β-globin cluster and their outcomes. 
Predicted regulatory regions were experimentally tested for their ability to enhance 
expression of reporter gene in transiently transfected K562 cells.  
 
Predictions of the platypus α-globin MRE 
The first approach used to identify MRE in the platypus BAC clone OaBb2L7 was to 
align the region between exons 5 and 6 of C16orf35 (where MRE resides in therian 
mammals) in multiple species. This should allow programs to anchor (i.e. align) both 
exons and reveal conservation in the intermediate intron that would help identify MRE 
in the platypus sequence.  
 
Many well-known programs, for example, ClustalW2 (Kanehisa et al., 2006), 
Multipipmaker (Schwartz et al., 2000) and Mulan (Ovcharenko et al., 2005) that reveal 
conserved regions or phylogenetic footprints in non-coding sequences, were used for 
comparative analysis between human, mouse, cow, opossum and platypus. However, 
none of these programs detected any conservation between the platypus intron and the 
homologous region in the other species. Using ClustalW2 with the stringent default 
settings, an alignment of exon 5 but not exon 6 was observed. After relaxing the 
parameters (see Materials and methods), it was possible to anchor exons 5 and 6 on both 
sides, but the alignment between them showed very low sequence similarities between 
different species.  
 
Using Multipipmaker, the graphical visualisation of multiple alignment showed no 
signals between exons 5 and 6 of C16orf35 when the platypus sequence was aligned to 
the homologues in therians. Lastly, using Mulan, which aligns multiple finished or draft 
secondary sequences using local alignment, exons 5 and 6 were anchored nicely and 
there were some conserved signals seen in the intron in some species (several in human, 
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mouse and cow and one small signal in opossum) but no signal was detected in the 
platypus sequence.  
 
Therefore, all the well-known approaches failed to identify a conserved MRE in the 
platypus sequence, unlike placental mammals and marsupials, in which a MRE was 
obvious. While the alignment methods could have missed very short regions of 
homology, it appears that this non-coding sequence has diverged so much, over the long 
time that platypus and therian mammals were independently evolving, that it can no 
longer align to the therian homologues as a full intron (anchored in exons). 
 
We considered that non-conserved portions of this intron that are not involved in gene 
regulation could be adding so much “noise” that they preclude discovery of alignments 
in the functional (and hence probably most conserved) portion of the intron. Thus we 
refined our search by subdividing the sequence into short candidate regions to focus 
only on the MRE region of size 350-500 bp. For this, we first started with the human 
MRE and performed many pairwise local alignments with each of the above sequences 
in mouse, cow, opossum and platypus. This resulted in a short region of best alignment 
(candidate region), which was then extracted from all species, followed by a multiple 
alignment of these candidate sequences in ClustalW2 (Larkin et al., 2007). The resultant 
alignment showed four conserved motifs; two that match the MAf Recognition 
Elements (MARE), to which AP1/NE-F2 transcription factors bind, and two that match 
the consensus binding site for GATA1 and its relatives (referred to subsequently as a 
GATA site) (Supplementary File 2). Previous studies of HSs in therian mammals 
identified a phylogenetic footprint in which four out of six base pairs matched between 
marsupial and eutherian mammals (De Leo et al., 2005). We also used the same criteria 
to identify a binding motif that showed at least 66% conserved matches in the consensus 
binding sites for transcription factors between the platypus and human. 
 
Upon further investigation of the multi-alignment, we found that alignment was not 
optimal as it failed to align one GATA site properly that was located 5' to the first 
MARE site and two CACBP sites for binding EKLF in eutherian mammals. We 
therefore improved the alignment manually by either introducing a gap or deleting a 
gap. The manual alignment now showed a clear pattern of conservation among five 
different mammalian species (Figure 1).  
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The approach of performing many pairwise alignments, extracting short candidate 
regions that show similarities, doing multiple alignment and then improving the 
alignment manually, was finally successful in revealing five motifs (GATA, MARE, 
MARE, GATA, GATA) conserved between the platypus and the therian species, and 
two additional motifs (GATA, CACBP) conserved from opossum through placental 
mammals. The order of these motifs has been preserved in therian mammals and the 
platypus (Figures 1 and 2A).  
 
We also discovered two highly conserved phylogenetic footprints of eight consecutive 
matches that have not previously been identified; CCCCTCCT is conserved in eutherian 
mammals only (except for one mis-match in the mouse), and GGGTGGRG is 
conserved in all five mammals (Figure 1). The CCCCTCCT sequence is also present in 
opossum and platypus, but has been interrupted by a small block of sequence. Further 
analysis using TFSEARCH against the TRANSFAC database (Heinemeyer et al., 1998, 
Akiyama, Unpublished) showed that in eutherians this conserved footprint contains a 
binding site for myeloid zinc finger protein 1 (MZF1) that regulates haematopoiesis (in 
particular granulopoiesis) and is involved in oncogenesis (Bavisotto et al., 1991, 
Hromas et al., 1991, Gaboli et al., 2001). Although MZF1 consensus sequences had 
been disturbed in the platypus and opossum, TFSEARCH predicted one other binding 
site for MZF1 in the platypus and four others in the opossum but they were randomly 
distributed and were not conserved with each other or with eutherian sequences.  
 
The other conserved footprint (GGGTGGRG) is highly conserved in all extant 
mammals. However, TFSEARCH could not detect any recognisable binding site for any 
of the transcription factors present in the database in this conserved footprint. 
 
To gain further insight into the platypus MRE, TFSEARCH was used to predict other 
transcription factor binding sites. Platypus MRE contains many putative binding sites 
for many other transcription factors such as CREB (camp response element binding 
protein), MyoD (myoblast determination gene product), SRY (sex-determining 
regulatory region Y gene product), HLF (hepatic leukemia factor), Pbx1 and CdxA 
homeobox (Figure 2A). Interestingly, some of these transcription factors (MyoD, HLF 
and PbX1) are involved in blood cell differentiation and leukaemia and so have a 
function similar to that of MZF1. 
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Figure 1: Improved multi-alignment of orthologous MRE in the mouse, cow, human, 
opossum and platypus showing conserved pattern of transcription factor binding sites. A 
phylogenetic footprint in the platypus was identified in which four out of six base pairs matched 
with the human based on their divergence time of 166 million years. The red boxes show 
conservation in all five species, blue boxes show conservation in some mammals, and green 
boxes show phylogenetic footprint identified in this experiment that were not previously 
identified. 
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Figure 2: Locations and validations of the predicted regulatory regions of the platypus α- 
and β-globin clusters. (A) Locations of predicted MRE and pHSs in the platypus BAC clones 
Oa_Bb2L7 and Oa_Bb484F22, respectively. The dashed lines above MRE and below pHS#7 
show detailed information about the binding sites of various transcription factors; diagonals 
above the line summarises our findings (that is, multiple alignment for MRE and prediction of 
clusters containing globin-specific binding motifs in pHS#7) and diagonals below the line show 
predictions by TFSEARCH. Coloured diagonals (except purple) show locations of well-known 
motifs involved in globin regulation, purple diagonals show predicted sites for MZF1 protein, 
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and white diagonals show the presence of predicted binding sites for other transcription factors 
that have not yet been tested for their occupancies or role in globin synthesis. There are six 
white diagonals below the MRE line, arranged in the order 5’-CREB-MyoD-Pbx1-CdxA-HLF-
SRY-3’, whereas 12 in the pHS#7 are arranged as 5’-CdxA-Pbx1-CdxA-CdxA-SRY-CdxA-
SRY-CdxA-CdxA-AP1-CdxA-SRY-3’. Asteric (*) above diagonals shows high conservation 
with other therian mammals. (B) Transient enhancer essay of eleven test regions (MRE1-2 and 
pHS#1-9), five platypus-specific neutrals (N#1-5), three known neutrals (GHN78, GHN213 and 
GHN240) and two positive controls (GHP88 and GHP181) from our last screen. All ratios have 
been normalised against the parental reporter gene plasmid (MCSγluc without any insert) and 
those that have more than two-fold increase in expression are considered as active enhancers or 
promoters. 
 
 
Search for HSs in the platypus β-globin cluster 
In order to locate platypus HSs within β-globin cluster, we searched for the HS2 and 
HS3 regions previously isolated by De Leo et al. (2005) in the sequenced BAC clone 
Oa_Bb484F22 containing the β-globin cluster, and in two different databases containing 
platypus genome sequence (assembled whole genome sequences and trace archives). No 
matches were obtained. Even when we tried to amplify the region from the platypus 
gDNA using sequences from both De Leo et al. (2005) and our own redesigned PCR 
primers, no product was amplified, although amplification was seen for mouse, the 
positive control (Supplementary File 3). These results using two different approaches 
casts doubt on previous claims to have isolated HS2 and HS3 in the platypus. It is 
possible that De Leo and colleagues had some contamination with other mammal DNA 
in their platypus samples. 
 
We then used sequences of human HS1-5, dunnart HS3, and chicken βA/ε enhancer to 
search for homologies in the platypus Oa_Bb484F22 clone. Similarities between each 
of these sequences and the platypus sequence were very low and contained no clear 
conservation in the region. At most, only one conserved motif could be tentatively 
detected among them, but the adjacent alignments contained many mis-matches and 
gaps, and since they did not correspond to the conserved pattern of motifs, we 
concluded that these regions do not represent a true HS. Therefore, the same approach 
used for predicting platypus α-globin MRE proved to be unsuccessful in predicting any 
conserved HS in the platypus β-globin locus. Thus, even if HS exist in the β-globin 
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locus, it appears that the adjacent sequences have diverged beyond the similarity level 
necessary for local alignment tools to identify them within the BAC (using sequences of 
other species as queries).  
 
However, it remains possible that putative binding motif sequences for transcription 
factors relevant to globin regulation exist close to each other in a regulatory region, and, 
if conserved, could facilitate a more direct alignment between smaller candidate 
sequences. We therefore used another approach of predicting short regions spanning 
500-1000 bp containing a ‘cluster’ of motif binding sequences for many known 
transcription factors (Table 2). Using this approach, we predicted fifteen HS sites across 
the entire BAC clone that fulfilled these criteria. Nine (referred to hereafter as pHS#1-9) 
were selected that contained many GATA, CACBP, MARE and YY1 sites (Figure 2A). 
Their distance from the start codon of the first gene (HBE) located inside the platypus 
β-globin cluster are: pHS#1 (-79 kb), pHS#2 (-40 kb), pHS#3 (-37 kb), pHS#4 (-35 kb), 
pHS#5 (-28 kb), pHS#6 (-26 kb), pHS#7 (-12 kb), pHS#8 (+0.5 kb), pHS#9 (+9 kb). 
Negative values indicate that the putative sites are located upstream of HBE and 
positive values indicate that the sites are located downstream of HBE. 
 
One of the predicted HSs (pHS#2), located ~40 kb upstream of platypus β-globin 
cluster, contained a pattern of binding motifs similar to that of therian HS3. A 
comparison of this predicted region with HS3 of human, mouse, cow and dunnart 
showed one highly conserved consensus sequence for MARE (no mismatches in the 
multiple alignment of 8 bp) and three others for GATA sites (4 out of 6 bp) (Figure 3). 
However, the region contained no conserved CACBP or YY1 sites. All nine predicted 
pHSs were then tested for regulatory activities using a transient enhancer assay. 
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Figure 3: Improved multi-alignment of platypus pHS#2 with HS3 of human, cow, mouse 
and stripe-faced dunnart (Sminthopsis macroura) showing conserved pattern of 
transcription factor binding sites. A phylogenetic footprint in the platypus was identified in 
which four out of six base pairs matched with the human based on their divergence time of 166 
million years. The red boxes show conservation in all five species and blue boxes show 
conservation in some mammals. Note: the first GATA site does not align properly with the 
platypus sequence but there is a GATA site on the opposite strand (underlined). 
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Enhancing activities of predicted MRE and pHS regions 
To investigate the extent to which MRE and pHS predicted regions correlate with 
measurable regulatory activity, we tested 21 constructs for their ability to enhance 
expression of the luciferase gene from an HBG1 promoter in transiently transfected 
K562 cells (Figure 2B). The constructs were two for MRE, nine for pHS, two positive 
controls, and the rest as neutrals with an expectation of no activity. The constructs that 
showed at least a two-fold increase in activity compared to that of the parental reporter 
gene plasmid (MSCγluc) were considered to be active as enhancers (Cheng et al., 2009). 
 
We tested the entire platypus MRE region for enhancing activity using two cloned 
products: one short fragment (MRE1 of size 389 bp) that contained only the aligned 
region, and a longer fragment (MRE2 of size 821 bp) that contained an extra 200 bp on 
both sides of the shorter fragment. This should indicate whether the platypus MRE has 
maintained a functionally similar role to that of the human and mouse MREs. Both 
constructs showed extensive increase in expression, by almost ten-fold for MRE1 and 
four-fold for MRE2 (Figure 2B).  
 
We tested all nine of the β-globin predicted pHSs, finding only one out of nine test 
constructs (pHS#7) that showed a significant (two-fold) increase in expression (Figure 
2B). This region is located about 12 kb upstream of the β-globin cluster and contains 
100% identical matches to the consensus sequences of GATA (five present), CACBP 
(four), MARE (one) and YY1 (seven) sites. Further predictions by TFSEARCH 
identified five additional matches to a position weight matrix formulation for GATA 
sites and many other transcription factor binding sites such as CdxA (seven), MZF1 
(six), SRY (three), Pbxl (one) and AP1 (one) in this region (Figure 2A). No significant 
activity was observed for pHS#2, the sequence that showed some similarity to HS3 of 
therian mammals. 
 
 
Discussion 
It is often difficult to find conserved regulatory elements in non-coding regions of 
distantly-related species because sequences have diverged significantly, and signals of 
conservation are lost. Even when comparing long sequences, alignment programs can at 
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times overlook very short conserved motifs. Consequently, there is no universally 
applicable method for predicting conserved regulatory sites. 
 
Discovery of MRE in the platypus, and its ancient origin 
MRE is a small and powerful region of ~400 bp containing many binding sites for 
important transcription factors that can activate the entire α-globin cluster and lead to 
high-level expression of each α-like globin gene. We found that many well-known 
programs with fixed settings and arbitrary criteria failed to identify the platypus MRE in 
the fifth intron of C16orf35, perhaps due to our use of large divergent genomic 
sequences. Instead, a simple combination of different programs, along with manual 
alignment to improve the multi-alignment, was successful in discovering a short 389 bp 
region in the platypus α-globin cluster that is orthologous to the therian MRE. We 
showed that this sequence is also active as an enhancer after transfection into a 
hematopoietic cell line. This sequence conservation and activity make a strong case for 
the identification of the MRE of the platypus α-globin cluster.  
 
The remainder of the intronic sequence containing the platypus MRE was not alignable 
with sequence from therian mammals, but the distribution pattern of transcription factor 
binding sites was conserved among them. Platypus MRE has five highly conserved 
motifs in the order GATA-MARE-MARE-GATA-GATA, in common with therian 
mammals, suggesting that these motifs were present in the common ancestor of all 
mammals. Two additional motifs (GATA and CACBP) are highly conserved between 
eutherian and marsupial mammals, in the order GATA-GATA-MARE-MARE-CACBP-
GATA-GATA. These two motifs are absent from the platypus MRE, implying either 
that these two sites evolved in the therian ancestor after their divergence from 
monotremes, or these two sites were also present in the mammalian ancestor but were 
secondarily lost in the platypus lineage. 
 
Likewise, it has been difficult to identify MRE in more distantly related vertebrates. 
Flint et al. (2001) found that previously described methods failed to identify MRE of 
the α-globin clusters in chicken and Southern pufferfish (Spheroides nephelus). They 
also used their own method where they first searched for paired MARE sites (separated 
by 21 bp) upstream of the chicken and pufferfish α-globin cluster. After finding two 
paired MARE sites, they extended their search to a neighbouring region to search for 
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GATA sites. Using this method, Flint and others discovered the MRE in the fifth intron 
of C16orf35 in both species, and these sequences also contained a distribution pattern of 
transcription factor binding sites (GATA-MARE-MARE-GATA) similar to human and 
mouse MREs. The presence of conserved MRE in the same position in amniotes and 
teleost fish suggests that MRE has an ancient origin, and arose early in the evolution of 
the α-globin cluster (Flint et al., 2001). It may have evolved ~450 MYA in the fifth 
intron of C16orf35 before the duplication of the ancestral α- and β-globin gene(s), and 
since then, it has been under strong evolutionary constraint (negative or purifying 
selection) to maintain similar function in regulating the developmental stage- and tissue- 
specific expression of α- and β-globin genes in jawed vertebrates and the α-globin 
genes of amniotes. 
 
The platypus homolog to therian α-globin MRE is an active enhancer 
The predicted platypus MRE was confirmed to have regulatory activity by an enhancer 
assay. It produced almost a ten-fold increase in expression, demonstrating that is 
capable of serving as an enhancer. This strongly suggests that it has a similar function to 
the human and mouse MRE, activating the entire endogenous α-globin cluster in the 
platypus. However, its enhancing power was reduced by 2.5-fold in the presence of 
adjacent sequences (MRE2 in Figure 2B). Perhaps adjacent sequences embed sites for 
negative regulators (insulators, repressors and/or silencers), which reduces the enhancer 
activity of MRE in K562 cells. Alternatively, the longer sequence could reduce activity 
by moving the active enhancer further away from the target promoter. 
 
We discovered two conserved regions that were not previously identified in any 
eutherian MRE. One has a consensus sequence of GGGTGGRG that does not 
correspond to any known transcription factor binding site, and could either be an 
evolutionarily conserved repeat or a novel binding motif that was present in the 
common mammalian ancestor. The other has a consensus sequence of CCCCTCCT that 
is recognised by MZF1 transcription factor. MZF1 belongs to a class of SCAN domain 
containing 13 C2H2 zinc finger proteins arranged in a bipartite DNA binding domain: 
fingers 1-4 bind to consensus sequence AGTGGGGA and fingers 5-13 bind to 
CGGGnGAGGGGGAA (Hromas et al., 1991, Morris et al., 1994). It is preferentially 
expressed in myeloid progenitor cells, and has a critical function in regulating blood cell 
proliferation and possibly in acting as a tumor suppressor in myeloid progenitors during 
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haematopoiesis (Bavisotto et al., 1991, Hromas et al., 1991, Gaboli et al., 2001). 
Abnormal production of MZF1 can alter its binding properties and regulatory functions, 
and so could promote many different cancers (Inoue et al., 2005, Peterson et al., 2006, 
Mudduluru et al., 2010).  
 
It is interesting that there is a highly conserved MZF1 binding site in eutherians (except 
for mouse, which has a point mutation that obviates recognition of MZF1). This region 
is also present in the platypus and opossum but has been interrupted by a block of 
sequences, suggesting that a MZF1 binding site was present in the mammalian ancestor 
166 MYA and has been retained as a putative functional site in the eutherian lineage 
only. Functional experiments such ChIP-chip analysis or mutagenesis experiments in 
mice could shed light into their roles and importance to globin synthesis. 
 
Orthologues of therian HS1-5 or chicken βA/ε  enhancer are not present in the 
platypus β-globin locus 
Therian HS1-5 each function as either an enhancer, insulator or boundary element but 
all together form a powerful LCR that opens chromatin and leads to a high level, stage-
specific and copy number-dependent expression of β-like globin genes in transgenic 
mice (Grosveld et al., 1987a, Higgs et al., 1990). Chickens also have four HSs upstream 
of their β-globin cluster and a strong enhancer located within the cluster with similar 
functions but both regions (as a group) do not act as a LCR because they need 
contribution from other local promoters to open chromatin (Reitman et al., 1993b). Our 
results show that the platypus does not have orthologues of therian HS1-5 and chicken 
βA/ε enhancer but has a unique pHS#7. 
 
It is evident from our search, by two different methods, that the platypus lacks HS2 and 
HS3 sequences. Our results are therefore inconsistent with a previous report of their 
isolation from platypus genomic DNA using conserved primers across eutherians (De 
Leo et al., 2005). Our failure to find HS sequences in the upstream sequences of the 
platypus β-globin cluster, and even in the entire genome, suggests possible 
contamination of platypus DNA samples used by De Leo et al. (2005), perhaps by DNA 
from a marsupial species, as they show very high conservation with eutherian HS2 and 
HS3 sequences.  
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Platypus sequences in the ~120 kb region containing the β-globin locus also show no 
similarities to therian HS1-5 or to chicken βA/ε enhancer, at least not at the sequence 
level. This leaves open the possibility that orthologues of either the therian HS1-5 or 
bird βA/ε enhancer may be located elsewhere in the platypus genome, which will require 
extensive research to find these regions and confirm their function. We hypothesise that 
the regulatory regions of the platypus β-globin cluster have diverged so significantly 
that they no longer show similarities to either therian or chicken regulatory regions. 
Thus platypus may contain a unique set of HSs, enhancers, insulators, silencers and 
promoters for regulating their β-like globin genes. 
 
Our prediction of nine pHS for the platypus β-globin cluster identified one region 
(pHS#2) that shared matches to two transcription factor binding site motifs within the 
therian HS3. However, it did not cause any increase in expression of the luciferase 
reporter gene, and thus it does not act as an enhancer in this assay. Instead, another 
region (pHS#7) located approximately 12 kb upstream of the platypus HBE, was found 
to be active, exhibiting a two-fold increase in expression. We hypothesise that pHS#7 is 
part of the regulatory region for platypus β-like globin genes. By analogy to the locus 
control region of the homologous genes in eutherian mammals, it may act in concert 
with other DNA segments to regulate the expression of the β-like globin genes. Several 
of the HSs of eutherian locus control regions show no independent activity in enhancer 
assays, and it is possible that some of the platypus predicted HSs with no enhancer 
activity could play a role modulating the activity of pHS#7. The platypus pHS#7 
contains many GATA, MARE, CACBP and YY1 binding motifs, but their arrangement 
is not similar to those of human HS1-5 or chicken βA/ε enhancer. These factors may 
coordinate the regulation of both α- and β-globin genes in the stage- and tissue-specific 
manner.  
 
Thus, ChIP data and mutagenesis is important for future work. ChIP experiments can 
help determine whether the predicted binding motifs are occupied by transcription 
factors, in order to give insight into their functions. This information can then help in 
mutagenesis or knock-down experiments in transgenic mice where the predicted 
binding motifs are either mutated or deleted and cloned into the expression vector, 
similar to the one used in this experiment, and then transformed into transgenic mice. 
The effects of these mutations or deletions would then be observed for their ability to 
either up-regulate or down-regulate the expression of the reporter gene, thereby 
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providing information on the importance of these binding motifs to β-globin synthesis 
and regulation.  
 
The absence from the platypus genome of observable homologues to either the therian 
HS1-5 or the bird βA/ε enhancer makes sense in terms of the origin and expression of 
genes contained in their β-globin clusters. Platypus, like marsupials, have two β-like 
globin genes in the order 5'-HBE-HBB-3', but they are not in a 1:1 orthologous 
relationship to therian or bird HBE and HBB globin genes (Opazo et al., 2008b). 
Phylogenetic analysis showed that both genes grouped closely to HBB of another 
monotreme mammal, the echidna (Tachyglossus aculeatus), suggesting an independent 
duplication of the ancestral β-globin gene, separate to those of therian mammals and 
birds (Opazo et al., 2008b, Patel et al., 2008). Since the bird and mammalian β-globin 
clusters have already been shown to have evolved independently from a single β-globin 
gene in the common ancestor (Czelusniak et al., 1982, Reitman et al., 1993a), these 
results suggest that there were three independent duplications of an ancestral β-globin 
gene after transposition, one each in the bird, monotreme and therian lineages 
(Hoffmann et al., 2010b). Therefore, the number of genes contained in the β-globin 
cluster, the expression profile and the locations of cis- regulatory regions do not 
correlate across species, as a result of the independent duplications in the separate 
lineages. 
 
Independent origins of regulatory regions for the amniote β-globin clusters 
Two models were originally proposed for the evolution of regulatory regions for the 
amniote β-globin clusters (Hardison, 2008). Both assume that the transposition of the β-
globin gene into the olfactory region occurred before reptile and mammalian divergence 
315 MYA. The first model hypothesises that the transposed gene carried some 
regulatory sequences, which underwent considerable divergence, or possibly 
duplications, after insertion (Figure 4A). The second model hypothesizes that new 
regulatory regions were formed as a result of the insertion of the transposed β-globin 
gene (Figure 4B). Our data from a monotreme species neither support nor refute either 
model.  
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Figure 4: Two hypothesized models for the evolution of regulatory regions of the amniote 
β-globin clusters. (A) According to this model, some regulatory elements from the ancestral α-
β globin region were also transposed with the β-globin gene, which after insertion underwent 
significant divergence followed by duplications in each amniote lineage. (B) According to this 
model, after the insertion of the transposed β-globin gene, new regulatory elements evolved 
independently in each of the amniote lineages, followed by further duplications. Both models 
show three independent events occurring in amniotes.  
 
 
The first model makes sense of how birds and mammals have maintained stage- specific 
erythroid expressions but have not maintained sequence and functional similarities. 
Even though the human LCR has been shown to create stage-specific erythroid 
expression of human β-globin genes, the developmental stage specificity of the chicken 
β-like globin genes do not depend on major regulatory elements (both the upstream HSs 
and intermediate enhancer) but on the gene promoters (Mason et al., 1995). We 
hypothesise that platypus regulatory sequences have also diverged so significantly that 
they no longer show any sequence similarities to either chicken or therian cis-regulatory 
elements, and that the ancestral signals for creating stage-specific erythroid expression 
of globin genes have been lost. However, this suggests three independent divergences of 
a highly important regulatory region in each of bird, monotreme and therian lineages. 
This seems less parsimonious, given that most important regions such as regulatory 
elements evolve under evolutionary constraints (purifying or positive selection) that 
leads to preservation of transcription factor binding sites over a wide phylogenetic 
distance (Cheng et al., 2009), as illustrated by α-globin MRE that have maintained 
similar locations, pattern of binding motifs and function for over 400 MYA.  
 
 134 
Why, then, did β-globin regulatory regions diverge so greatly in birds, monotremes and 
therian mammals that they left behind more differences than similarities? The 
observation that the same transcription factors (GATA1, AP1-NF-E2, EKLF) bind to 
bird and mammalian β-globin regulatory regions suggests a rapid ‘turnover’ of 
transcription factor binding sites. New motifs have arisen in the vicinity of an old 
binding site, and their use allowed the original one to diverge and become redundant. 
This results in new functional binding sites in a slightly different location from the 
original site. Changes in the surrounding sequences are so extensive that the regulatory 
regions can no longer be brought into alignment. 
  
 
Conclusion 
The questions about the evolutionary origins of the regions that regulate the α- and β-
globin loci have been difficult to answer without information from all three major 
mammalian lineages. Our search for these regulatory regions in the platypus has shown 
that the ancient α-globin regulatory element is conserved in sequence, transcription 
factor binding motifs and its ability to enhance gene expression amongst vertebrates, 
reflecting the stability of this regulatory region during vertebrate evolution. Conversely, 
exhaustive searches for the platypus β-globin regulatory region have failed to uncover a 
regulatory element conserved either between platypus and therian mammals, or platypus 
and chicken, indicating either a more rapid (more substitutions) or more extensive 
(more rearrangements, e.g.) mode of evolution from a common ancestral regulatory 
region. Alternatively, the regulatory regions of β-globin genes may have independent 
origins in different amniote lineages.  
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 Supplementary Materials 
 
Supplementary File 1: Sequences of MRE in the human, mouse, cow and opossum 
were extracted from their genome browsers (refer to methods for coordinates). The 
platypus MRE was extracted from Oa_Bb2L7 [AC195438: coordinates 118533-
121541] and platypus pHS#7 was extracted from Oa_Bb484F22 [AC192436: 
coordinates 66939-67946 on reverse complement strand]. In the platypus pHS#7, 
underlined letters represent consensus binding sites GATA, CACBP and MARE and 
YY1 that were predicted. 
 
>Human_MRE 
CTGGAACCTATCAGGGACCACAGTCAGCCAGGCAAGCACATCTGCCCAAGCCAAGGGTGGA
GGCATGCAGCTGTGGGGGTCTGTGAAAACACTTGAGGGAGCAGATAACTGGGCCAACCATG
ACTCAGTGCTTCTGGAGGCCAACAGGACTGCTGAGTCATCCTGTGGGGGTGGAGGTGGGAC
AAGGGAAAGGGGTGAATGGTACTGCTGATTACAACCTCTGGTGCTGCCTCCCCCTCCTGTTT
ATCTGAGAGGGAAGGCCATGCCCAAAGTGTTCACAGCCAGGCTTCAGGGGCAAAGCCTGAC
CCAGACAGTAAATACGTTCTTCATCTGGAGCTGAAGAAATTCTCTATATTCTCATCAGATCC
CATGTTCACAAACAGAACTCACACCTGGATGGACTTACAACAAGGCAGCATC  
 
>Mouse_MRE 
CTGGAACCTATCAGTGACCATAGTCAACAGCAGGTGTACACACCCAGGCCAAGGGTGGAGC
AGACCACTGTGGGATCTATGGAGATGCTTGAACGAGCAGATAACTAAGCCAAGCATGACTC
AGAGTTTCTAGAGGCCACTAGGACTGCTGAGTAATACTTGGGGGTACAGAGTCAGAAAGGA
AAGGACAAATGGTACCACTGATTAGGACCTCTGACGCTGTTTTCCCATCCTGTTTATTTGCCA
AGTGACCCTGTGCCTGTTACCTTAAGTCAAAATCTTACCCTGACAACACCTTGTACACCTGC
AGTTGGGAAGACTTTCTACATTCTCAATAAGCCACACACTTACAAAGAGAAGCAAAACCTG
GGCAGACTTGCAGCCACCAGGCCGTCTG 
 
>Cow_MRE 
CTGGCACCTATCGGGGGCCACAGCCAAGCCAGGCCTGCGCACCCGCCCAGGCAAAGGGTGG
GGCAGGCAGCTGTGAGGTCTGTGAAGATGCCCCCAGAGCTGATAACCACCTGCCGTGACTC
AGCACCCCAGGAGCCGACAGGGAGGCTGAGTCATCCCGGGTAGAGGTGGGAGGAGGGGAG
AGTGGCGGCCCCGATTAGAGCCTCCGCTTGGCCCCCCCTCCTGTTTATCTGCAGGCACGGCC
CTCGGCAAAGGTCCACAGCCAGGCTCCTGGGCCAAACCTTGACCTAGACAAAGTAAACACC
TTCATCACCTGGAGCTGGGGACACTCTAGCCCCTAGCAGATCCACATTCACAAGCAGAACTC
ACCCCCGGCAGCACACCTGTGCGGCGAGGGGCTGAG 
 
>Opossum_MRE 
CTGAAAATTATCAGTCATGTACAGACCAGGGTGAGTCATGTGCCCCAGATCAGACTGGGTG
GAGACAGCAGCTGTGAGATGTTTGTGGAGATGCTTAAAGGACCATCAAGCTCTAAAGTTAA
TAGATAAACCAGGAAACCATGACTTAGGCTTTCTGAAGGCCAAGAGTACTTGCTGAGTCATG
GCGGGGAGCTCCTGCAGAATGAAGGGGATGCAGAAGAGGGAGGATGGATCCTACTGATTGT
AACATCTAGGGCCTTCTTTGCTCCCCAACAGGTGCTCACTCCTGTTTATCTATCACAAGTAGC
CATGTACAATCCCCAAGCACAACAAAGCCTTCTAAGTCAGGATTAAATATTAATACAAAGA
ACCCAGACATTCTCTTCCTTCACTGAAAGTTAGTCTCTTATATAACATAGGGATGTCAGTGTT
TCCAAACAGCATCAACCCACCTATGAAAACAAGGAAATATC 
 
>Platypus_MRE 
GCTGCTTCCTTTCCGTTCGCCGCCTCCCGGGCTCCGCTGATGAAGCCGGGTGGGGTGACGCC
CACGGCCTGGTGTCGGGGGGTGGGCCGGGGAGCCGGGTCCGGGCCCCAGATGGCCGGGCCG
ACCCGTGACTCGGCATTTCTGGGTCTTTAGCTGAGTCACGCTCCCTGGGGGTGCCCAGAAGG
GCCCAAAAGCCAGACGGGGCCGATTGCACCATCTGTGCCCCTGCCCCGGGAGGGGCTCCTC
GTTATCTGAGGCCTGCCCGGCACCTATGGAAAACCCTGTAGCTTCAGCCTCAGCTTTTATTTA
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TTTAATTTGGTAACTCAATTCCTTTCTCAGCTGTTTCACCCTGATGAACTTCCACCTCTTCCAG
AAGCAGCGTGTCCTATATTAACGTCTGTCTCGCCCCCTAGACTTCCACTAGTCAGTCAGTCA
ATTG 
 
>Platypus_pHS#7 
TACAAGATAATAAGGTTAATTTGGCCTCGCTTGAACTATGCTGTTGCAGTGAGAGGCAGTGG
GATGGCAATCAATCAATCAATGGCATTTATTGAGCATTTACTCTGGAAAGAGCACTGTACTA
AGAGTTTGGGACAGTATGCTACAATAGAGTATGTAGATATGATTCCTGTGCTCAAGGAGCTA
ACAGTGTATTGAGGAGTTTGTAGAAACAGACCTTTCTAGAAGTTCCTTCTGGCCTGAAAAAT
CTGATTCGGAGTTCTGAGCCCCTTCTAAGTCTCCAGGGTTCAAGACAGAGACAGTTGCGGTT
AAATCAGATGTGCTCCAAGCCACATGTGGAATGGCAAAATGCCGAATTGTTCTCCCCTCAGT
ATAAAAATAACCTTCAACCGCCTCTGTGGGCTACTGGGCACCAGGAGCAGACTGATGGGGC
TGGTTCAGCCCGCTCCCAACTCTGGGGATGGGAGCACAAGCTACTCTGTCCCCAGATTATCT
CCTCCTGAGTCACTGTCCCCACTCCTCAGATGCCTCTATCAGCCCAGGCCAGCCCAGGCTCA
CCCAGAGCTCCTTGGCCAAGCTATGGCCTGGGTTGGGTCCCTCCACTGTTTTTCACTGAAAA
ACAGCCAGGAGGGGGAGAAAAGGGGTGCAGGAGGAAGAAGGGGTGGGGCAGCAGAGAGC
AACACACCAGTTCACCCCAGCCCTCTTCTTTTTTCCCCTTACCTCCCCCACCCAAGGAAAGAC
CTGTTACTCATCTGCTCTGTGACCCTGGGCAAGTCACTTAACTTCTCTGGGCCTCTTTTTCTTC
ACCACTGATAATGGTTTTCCCACCCAGTTACATTTTTTATTAGGTTCTGCAGACATCTGCAGG
GTGAGGATCCAGAGGAGAAAAGCAGAAAGTAGTGGACTGACCCAGAGGATCGGAGGGAAT
GGGTAAAAGGATCATCAACTCTGGAGAGGAAAGGGTTCCAGGGAAGGTGAATAATGAAAG
AAATGAAGTGAATTTCTTC 
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Supplementary File 2: The original output generated by ClustalW2 showing multi-
alignment of orthologous α-globin MRE from the mouse, cow, human, opossum and 
platypus. In the sequence alignment, red boxes show two of each conserved GATA and 
MARE motifs. 
 
CLUSTALW2  
 
 
      Scores Table 
 
 
SeqA Name           Len(nt)  SeqB Name           Len(nt)  Score 
=============================================================== 
1    Human_MRE      420      2    Mouse_MRE      397      72    
1    Human_MRE      420      3    Cow_MRE        403      72    
1    Human_MRE      420      4    Opossum_MRE    473      38    
1    Human_MRE      420      5    platypus_MRE   439      23    
2    Mouse_MRE      397      3    Cow_MRE        403      61    
2    Mouse_MRE      397      4    Opossum_MRE    473      19    
2    Mouse_MRE      397      5    platypus_MRE   439      12    
3    Cow_MRE        403      4    Opossum_MRE    473      10    
3    Cow_MRE        403      5    platypus_MRE   439      2     
4    Opossum_MRE    473      5    platypus_MRE   439      2     
=============================================================== 
PLEASE NOTE: Some scores may be missing from the above table if the  
alignment was done using multiple CPU mode. Please check the output. 
 
 
        Continued on next page 
 138 
CLUSTAL 2.0.8 multiple sequence alignment 
 
 
Mouse_MRE         -CTGGAACCTATCAGTGAC-CATAG-TCAAC---AG-CAGGTGTACACACCCAGGCCAAG 53 
Cow_MRE           -CTGGCACCTATCGGGGGC-CACAG-CCAAGCCAGG-CCTGCGCACCCGCCCAGGCAAAG 56 
Human_MRE         -CTGGAACCTATCAGGGAC-CACAG-TCAGCC-AGG-CAAGCACATCTGCCCAAGCCAAG 55 
Opossum_MRE       -CTGAAAATTATCAGTCATGTACAGACCAGGGTGAGTCATGTGCCCCAGATCAGACT--G 57 
platypus_MRE      GCTGCTTCCTTTCCGTTCGCCGCCTCCCGGGCTCCG-CTGATGAAGCCGGGTGGGGTGAC 59 
                   ***     * ** *            *       * *                       
 
Mouse_MRE         GGTGG-AGCAGACCACTGTGGGA---TCTATGGAGATGCTTGAACGA------------- 96 
Cow_MRE           GGTGG-GGCAGGCAGCTGTGAGG---TCTGTGAAGATGCCCCCA-GA------------- 98 
Human_MRE         GGTGGAGGCATGCAGCTGTGGGGG--TCTGTGAAAACACTTGAGGGA------------- 100 
Opossum_MRE       GGTGGAGACAG-CAGCTGTGAGATG-TTTGTGGAGATGCTTAAAGGACCATCAAGCTCTA 115 
platypus_MRE      GCCCACGGCCTGGTGTCGGGGGGTGGGCCGGGGAGCCGGGTCCGGGCC------------ 107 
                  *       *        * * *         * *           *               
        AP1/NE-F2 
Mouse_MRE         --GCAGATAACTAAGCCA----AGCATGACTCAGAGTTTCTAGAGGCCACTAGGACT-GC 149 
Cow_MRE           --GCTGATAACCA--CCT----GCCGTGACTCAGCACC-CCAGGAGCCGACAGGGAG-GC 148 
Human_MRE         --GCAGATAACTGGGCCA----ACCATGACTCAGTGCTTCTGGAGGCCAACAGGACT-GC 153 
Opossum_MRE       AAGTTAATAGATAAACCAGGAAACCATGACTTAGGCTTTCTGAAGGCCAAGAGTACTTGC 175 
platypus_MRE      --CCAGATGGCCGGGCCG---ACCCGTGACTCGGCATTTCTGG--GTCTTTAG------C 154 
                        **       **       * *****  *     *     * *   **      * 
    AP1/NE-F2 
Mouse_MRE         TGAGTAATACTT-GGGGGT---ACAGAGTCA--GAAA----GGAAAGGACAAATGG-TAC 198 
Cow_MRE           TGAGTCATCCC----GGGT---AGAGGT-----GGGA----GGAGGGGA-GAGTGG-CGG 190 
Human_MRE         TGAGTCATCCTGTGGGGGT---GGAGGTGGGACAAGG----GAAAGGGGTGAATGG-TAC 205 
Opossum_MRE       TGAGTCATGGCGGGGAGCTCCTGCAGAATGAAGGGGATGCAGAAGAGGGAGGATGGATCC 235 
platypus_MRE      TGAGTCACGCTCCCTGGG----GGTGCCCAGAAGGGC----CCAAAAGCCAGACGG---- 202 
                  ***** *         *        *                 *   *      **     
   GATA           GATA 
Mouse_MRE         CACTGATTAGGACCTCTGACG-----CTGTTTTCCC------------ATCCTGTTTATT 241 
Cow_MRE           CCCCGATTAGAGCCTCCGC-------TTGGCCCCCC------------CTCCTGTTTATC 231 
Human_MRE         TGCTGATTACAACCTCTGGTG-----CTGCCTCCCC------------CTCCTGTTTATC 248 
Opossum_MRE       TACTGATTGTAACATCTAGGGCCTTCTTTGCTCCCCAACAGGTGCTCACTCCTGTTTATC 295 
platypus_MRE      GGCCGATTGCACCATCTGTG------CCCCTGCCCCGGGAGGGG----CTCCTCGTTATC 252 
                    * ****    * **                 ***             ****  ****  
 
Mouse_MRE         TGCCAA--GT--GAC-CCTGTGC------------CTGTTA----CCTTAAGTCAAAAT- 279 
Cow_MRE           TGCAGGC-AC--GGC-CCTCGGCAAAG---GTCCACAGCCAGGC-TCCTGGGCCAAACC- 282 
Human_MRE         TGAGAGGGAA--GGC-CATGCCCAAAGT--GTTCACAGCCAGGC-TTCAGGGGCAAAGC- 301 
Opossum_MRE       TATCACAAGT--AGC-CATGTACAATCCCCAAGCACAACAAAGCCTTCTAAGTCAGGAT- 351 
platypus_MRE      TGAGGCCTGCCCGGCACCTATGGAAAAC---CCTGTAGCTTCAGCCTCAGCTTTTATTTA 309 
                  *             * * *                                          
 
Mouse_MRE         CTTACCCTGACAA------CACCTTGTACACCTGC--AGTTGGGAAGACTTTCTACATTC 331 
Cow_MRE           TTGACCTAGACAAAGTAAACACCTTCATCACCTGG--AGCTGGGGACACTCT----AGCC 336 
Human_MRE         CTGACCCAGACAG--TAAATACGTTCTTCATCTGG--AGCTGAAGAAATTCTCTATATTC 357 
Opossum_MRE       TAAATATTAATACAAAGAACCCAGACATTCTCTTC--CTTCACTGAAAGTTA----GTCT 405 
platypus_MRE      TTTAATTTGGTAAC-TCAATTCCTTTCTCAGCTGTTTCACCCTGATGAACTTCCACCTCT 368 
                     *       *         *         **              *             
 
Mouse_MRE         TCAATAAGCCACACACTTACAAAGAGAAGCAAAACCTGG--GCAGACTTGCAGCCACCAG 389 
Cow_MRE           CCTAGCAGATCCACATTCACAAGCAGAACTCACCCCCGGCAGCACACCTGT-GCGGCGAG 395 
Human_MRE         TCATCAGATCCCATGTTCACAAACAGAACTCACACCTGG--ATGGACTTACAACAAGGCA 415 
Opossum_MRE       CTTATATAACATAGGGATGTCAGTGTTTCCAAACAGCATCAACCCACCTATGAAAACAAG 465 
platypus_MRE      TCCAGAAGCAGCGTGTCCTATATTAACGTCTGTCTCGCCCCCTAGACTTCCACTAGTCAG 428 
                                       *                       ** *            
 
Mouse_MRE         GCCGTCTG--- 397 
Cow_MRE           GGGCTGAG--- 403 
Human_MRE         GCATC------ 420 
Opossum_MRE       GAAATATC--- 473 
platypus_MRE      TCAGTCAATTG 439 
                              
PLEASE NOTE: Showing colors on large alignments is slow. 
 
                    
 
 
      Guide Tree 
                             
 
(Human_MRE:0.03981,(Mouse_MRE:0.17080,Cow_MRE:0.21459):0.04375,(Opossu
m_MRE:0.43585,platypus_MRE:0.53909):0.16200); 
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Supplementary File 3: PCR amplification of HS2 and HS3 in mouse, fat-tailed dunnart 
and platypus gDNA by replicating exact materials and methods by De Leo et al.(2005). 
The size of bands was calibrated with 100 bp DNA ladder (New England Biolabs Inc). 
Mouse gDNA was used as positive control while no gDNA was used as a negative 
control. For HS2 amplification, two bands of approximate sizes 300 bp (faint) and 900 
bp (bright) were seen for mouse only, while for HS3 amplification, only one faint band 
of ~200 bp was seen for mouse. Sequencing confirmed the presence of mouse HS2 at 
~300 bp and HS3 at ~200 bp, while the bright 900 bp seen in well containing mouse 
HS2 was due to non-specific amplification from mouse chromosome 11. Note: No 
bands were observed from the platypus or dunnart gDNA. 
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Chapter 6: Synopsis and Future Work 
 
The three research chapters that form the core of my thesis, along with the results from 
Appendix 1, serve a common goal; to understand how the complex α- and β-globin 
genes, their functions, clusters and regulatory regions evolved in amniotes. My findings 
have had a major impact on our understanding of globin gene evolution. In this final 
chapter, I discuss the significance of my findings with respect to other published 
studies, discuss their implications and suggest future directions. 
 
Timing and order of globin gene duplications 
After the duplication of a single primordial globin gene into ancestral α- and β-globin 
genes in the same genomic region, which occurred around 450-500 MYA in the 
ancestor of jawed vertebrates, there were independent repeated rounds of duplications 
and losses of these globin genes in the teleost and amphibian lineages that expanded 
their α-β globin clusters (Goodman et al., 1975). In amniotes, however, the α- and β- 
globin genes separated onto two different chromosomal locations, raising important 
questions about their evolution.  
 
My study of the α- and β-globin clusters of the platypus (Chapter 2) and two lizard 
species (Chapter 4) have not only filled in missing pieces of information about their 
gene content and organization, but also clarified the timing and order of globin gene 
duplications and losses in amniotes, in particular, before and after monotreme/therian 
divergence. These data led to the formulation of a new model for globin gene evolution. 
My studies of expression of α- and β-globin genes also provided insight into the 
evolution of function. 
 
Alpha-globin gene evolution 
The bird α-globin clusters contain three genes arranged in the temporal order in which 
they are transcribed HBP-HBK-HBA (Engel and Dodgson, 1980, Dodgson et al., 1981, 
Alev et al., 2009). The HBP is expressed in embryos, HBK in both embryo and adult, 
and HBA in adults only. Prior to this study, the arrangement and order of genes in the α-
globin clusters of non-avian reptiles was unknown, so no comparisons of birds and 
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reptiles were available to assist in the construction of ancestral globin clusters in their 
common amniote ancestor. Therefore I attempted to characterise the globin cluster in 
the green anole lizard (Anolis carolinenesis) using the draft genome assembly (anoCar1 
Feb. 2007).  
 
My results in Chapter 4A showed that the green anole contained HBK and HBA, with a 
confirmed expression of HBK in dewlap and brain, organs not expected to undergo 
globin synthesis. However, the two genes were located on different scaffolds flanked by 
different markers; HBA is located on a short scaffold of ~15 kb, whereas HBK is located 
on a scaffold of ~167 kb, which contains a large number of gaps, raising questions in 
regards to the assembly of the region containing these genes. Although the separation of 
HBK and HBA could be due to the incomplete assembly of the green anole genome, if 
the separation is real, it would imply a unique rearrangement between the two α-globin 
genes. Embryonic HBP could be found nowhere in the genome sequences. Since HBP is 
present in the amphibian outgroup, the three-gene (HBP-HBK-HBA) cluster must have 
existed in the common ancestor of reptiles and mammals, but HBP was secondarily lost 
in the lizard. These results are consistent with those reported by Hoffmann et al. 
(2010b).  
 
The rearrangement that separated HBK and HBA in the green anole does not seem to be 
general for lizards, as I showed in Chapter 4B that the Australian bearded dragon lizard 
(Pogona vitticeps) HBK and HBA are located together on the same BAC clone, flanked 
by the genes C16orf35 and GBY. These same genes flank the α-globin locus in 
mammals, as well as the α-β globin locus in the frog Xenopus tropicalis. Until the 
completion of the green anole genome assembly, or sequencing of other non-avian 
reptilians, the α-globin gene content and order will remain uncertain in these groups. 
 
My study of the platypus globin clusters (Chapter 2) clarified how the increasing 
complexity of the globin loci in mammals evolved. I demonstrated the presence of six 
transcriptionally active α-like globin genes in the platypus, arranged in the order HBZ-
T1, HBZ-T2, HBK, HBA-T1, HBA-T2, HBA-T3, which is similar to the arrangement in 
marsupials and eutherians. However, the platypus genome lacks HBQ (the θ-globin 
gene). Due to the inconsistencies in nomenclatures, two mammalian HBZ are 
orthologous to reptilian embryonic HBP, and three mammalian HBA genes are 
orthologous to reptilian adult HBA. 
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I studied the expression of all six globin genes in adult platypus tissues, but was unable 
to obtain tissues from different stages of platypus development (especially the embryo). 
My expression data from adult platypus tissues showed that all six α-like globin genes 
were expressed in adults. Some were expressed in erythroid cells only (HBK in spleen), 
while others were expressed in both erythroid and non-erythroid cells (HBZ-T1,2 in 
spleen and testis; HBA-T1,2,3 in spleen, testis, liver, kidney, lung and brain). The 
expression of these genes in spleen makes sense because this tissue is a major site of 
erythropoiesis in platypus (Tanaka et al., 1988). However, the expression of these genes 
in non-erythroid cells was surprising and interesting because expression is limited to 
erythroid tissues in other vertebrate groups (amphibians, birds and therian mammals). 
This suggests that some globin genes acquired a broad expression in the monotreme 
lineage, perhaps in response to the platypus’ aquatic and terrestrial lifestyle and the 
hypoxic conditions of a confined burrow. It also suggested that these genes may have 
functions outside of binding and transporting oxygen. 
 
Comparisons of the α-globin clusters in reptiles, platypus and other mammals clarified 
the timing and order of duplications of α-like globin genes in amniotes. After the 
divergence of reptiles and mammals (315 MYA), but before the divergence of 
monotremes and therian mammals (166 MYA), the HBP-globin gene duplicated once 
and the HBA-globin gene duplicated twice to result in a six-gene (HBZ-T1, HBZ-T2, 
HBK, HBA-T1, HBA-T2, HBA-T3) cluster in the ancestral mammal, in which all genes 
were transcriptionally active and functional (Figure 1). However, during the course of 
evolution, the two HBZ and three adult HBA were homogenised by ongoing gene 
conversion events, leading to the gene tree that does not match the duplication history of 
the individual genes. The close similarity of the platypus HBA-T1 and HBA-T3 
sequences suggests that a very recent gene conversion event homogenised their 
sequences.  
 
After the divergence of monotremes from therian mammals, HBA-T2-globin gene 
duplicated to produce HBQ, resulting in a seven-gene (HBZ-T1, HBZ-T2, HBK, HBA-
T1, HBA-T2, HBA-T3, HBQ) cluster (Figure 1). This arrangement is seen in 
contemporary therian mammals, except for where there are some gene losses and 
duplications, and psuedogenisations of some of these genes.  
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Figure 1: Evolution of α-globin genes in amniotes 
In the amniote ancestor, the α-globin gene lay next to β and GBY globin genes. During the 
evolution of reptiles and mammals, the ancestral α-globin gene underwent repeated rounds of 
duplications to maintain its function, but there were no further duplications of β or GBY, so 
these genes are absent from some lineages. The coloured boxes show orthologies among genes. 
Note: The figure is not drawn to scale. 
 
 
Identification of two additional globin genes in the ancestral mammalian α-globin 
cluster 
Characterisation of the platypus globin genes also revealed the presence of a β-like 
globin gene called ω-globin (HBW), and another globin gene family member called 
Globin Y (GBY) located 3′ to the α-globin cluster. Orthologues of HBW and GBY have 
been previously discovered, respectively, 3′ to the α-globin cluster in marsupials 
(Wheeler et al., 2001) and frogs (Fuchs et al., 2006). 
 
Identification of the orthologues of these two genes together in the platypus α-globin 
cluster is important because their presence supports the hypothesis that the α-β-GBY 
arrangement was in place in the common ancestor of mammals and frogs, and has been 
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conserved for more than 354 million years. Some genes must, therefore, have been 
secondarily lost in some tetrapod lineages. For example, , I could find no orthologues of 
HBW in either birds or lizards, suggesting it was lost early in the reptilian lineage. 
Although I found GBY present in lizards at the expected location, it was not found in 
chicken, implying that GBY was secondarily lost in the bird lineage. Likewise, in 
mammals, GBY was lost in therians before their divergence from monotremes, and 
HBW was lost in eutherians after their divergence from marsupials. 
 
Both HBW and GBY genes are transcriptionally active. The expression pattern of GBY is 
similar in frogs (Fuchs et al., 2006) and platypus, being broadly expressed in almost all 
tissues, but most strongly in the gonad of both species. This suggests that a special 
function in respiration or regulation exists in the gonads, although there is no direct 
evidence for such a function.  
 
In contrast, HBW has quite different expression profiles in the marsupial and platypus. 
It is expressed just before and after the birth of a marsupial newborn (Holland and 
Gooley, 1997, Holland et al., 1998). In platypus, although tissue samples from early 
stages of development were unavailable, HBW is expressed in the adult spleen. The 
HBW is known to bind with α-globin proteins to form a functional haemoglobin 
molecule to transport oxygen in marsupial neonates (Holland and Gooley, 1997, 
Holland et al., 1998), but its function in platypus spleen is not known. 
 
Beta-globin gene evolution 
My study into the platypus and lizards β-globin genes was very useful for 
reconstructing the β-globin gene model in amniotes that evolved from a single ancestral 
β-globin gene and duplicated independently in the reptilian and mammalian lineages 
(Hoffmann et al., 2010b). I found two β-like globin genes in the green anole genome, 
which was consistent with the number present in snakes and tuatara, but not with the 
single gene in crocodiles and turtles or the four in birds. Phylogenetic analyses 
presented in Chapter 4A grouped both lizard β-like globin genes together with other 
lizard HBB1 and HBB2 genes, suggesting a lizard-specific duplication of a β-globin 
gene. This was also the conclusion of an independent study on the green anole lizard β-
globin genes performed by Hoffmann et al. (2010b). 
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My phylogenetic analysis also showed species-specific clustering of the β-like globin 
genes, in which β-like globin genes of lepidosaur (tuatara, snakes and lizards), birds and 
crocodiles each formed monophylic clades. The lepidosaur β-globin genes were divided 
into two main clades; one contained HBB1 of snakes and tuatara, and the other was a 
sister clade that contained HBB1 and HBB2 of lizards as well as HBB2 of snakes and 
tuatara. These results led me to propose two alternative models for the evolution of β-
globin genes in reptiles. Since crocodiles and turtles contain one β-globin gene, one 
model proposed that the reptilian ancestor contained a single ancestral β-globin gene, 
which first duplicated in the lepidosaur lineage to result in proto-β1 and proto-β2 globin 
genes, whose descendants are both seen in tuatara and snakes. During the evolution of 
lizards, however, the proto-β1 gene was secondarily lost from their genome, while 
proto-β2 gene underwent tandem duplication to result in two paralogous β-globin genes 
in all lizards, as supported by my phylogenetic analysis. In the bird lineage, there were 
further duplications of the ancestral β-globin gene (independent from the duplication in 
lepidosaurs) to result in a four-gene (HBR, HBB-T1, HBB-T2, HBE) cluster in chicken 
and zebrafinch.  
 
The other possible, but less parsimonious, model proposed that the reptilian ancestor 
possessed two proto-β-globin genes, which underwent differential gene loss and 
duplication in different reptilian lineages. The proto-β1 is found in crocodiles, turtles, 
tuatara, and snakes, and was duplicated further in birds, whereas in lizards it was 
secondarily lost from their genomes (Figure 2- Model B). The proto-β2 is found in 
tuatara and snakes, and as two paralogous copies in lizards, but was secondarily lost 
from the common ancestor of birds, crocodiles and turtles.  
 
However, data from other reptilian species (e.g. tuatara, crocodiles, turtles, snakes) are 
lacking. The nucleotide sequences of all globin genes and their expression profiles 
would provide a clearer view of globin gene evolution in reptiles. Thus, in future, it 
would be important to characterise the entire α- and β-globin clusters in more reptiles to 
gain further insight into the gene content, organization, function and evolution of 
amniote globin genes. 
 
Like the marsupial β-globin cluster, the platypus β-globin cluster contained two β-like 
globin genes, in the order 5′-HBE-HBB-3′, located on platypus chromosome 2q5.1. 
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Both genes are transcriptionally active, with HBE expressed in the adult spleen and 
HBB (like HBA-T1, 2,3) expressed in all adult tissues. 
 
Phylogenetic analyses presented in Chapter 2 showed that the platypus HBE was more 
closely related to the platypus and echidna adult HBB than to therian HBE. However, 
the location, amino acid and expression profile of HBE support its orthology with the 
marsupial and eutherian embryonic HBE. This suggests that the ancestral β-globin gene 
duplicated into proto-HBE (early-expressed) and proto-HBB (late-expressed) globin 
genes just prior to monotreme and therian divergence (>166 MYA) but the sequence of 
the platypus HBE may have been homogenised by gene conversion events, leading it to 
group with other monotreme adult HBB (Figure 2). In marsupials, the progenitors of 
both proto-HBE and proto-HBB are present in a transcriptionally active state, whereas in 
eutherians these genes duplicated further to form the more complex clusters seen in 
contemporary eutherian species (Figure 2).  
 
However, Opazo et al. (2008b) reported that the platypus HBE and HBB were not 1:1 
orthologues of therian HBE and HBB, respectively. They suggested that the platypus β-
like globin genes arose by independent duplication of an ancestral β-globin gene in the 
monotreme lineage, with a separate duplication event, just prior to the divergence of 
marsupials and eutherians, producing the progenitors of HBE and HBB of therians 
(Figure 2). Thus, the β-globin genes of reptiles, monotremes and therians are not 
orthologous, having arisen by lineage-specific independent duplications of ancestral β-
globin gene (Hoffmann et al., 2010b). However, it is difficult to see how three 
independent duplications could lead to β-globin genes having similar expression in 
erythroid-specific cells and different stages of development. 
 
Support for this hypothesis of independent duplication of an ancestral β-globin gene in 
monotremes is provided by my study of regulatory regions in Chapter 5 that showed 
that platypus sequences contain no orthologues of the bird or therian cis-regulatory 
regions. This suggests that the regulatory regions also evolved independently along with 
the β-globin genes they regulate in the monotreme, therian and reptilian lineages. The 
developmental stage-specific erythroid expression of β-like globin genes in birds and 
therians can be explained by either convergent evolution, that resulted in the 
performance of similar functions by independently derived regulatory elements, or 
alternatively by major regulatory support coming from other regions, such as α-globin 
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MRE, that would coordinate the timing and expression of both the α- and β-globin 
genes in an erythroid- and developmental stage-specific manner. 
 
 
 
Model A 
Model B 
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Figure 2 (previous page): Alternative models for the evolution of β-globin genes in 
amniotes  
According to Model A, the ancestral transposed βT-globin gene duplicated independently four 
times in the amniote lineage. It may have not brought any regulatory elements and as a 
consequence, regulatory elements also evolved independently. According to Model B, the 
ancestral transposed βT-globin gene duplicated twice in amniotes, one in the ancestor of reptiles 
and the other in the ancestor of mammals, followed by further duplications, gene losses and 
conversions. It also predicts that some regulatory regions were carried with the transposed 
genes, which underwent further divergence and duplications in reptiles and mammals. Even 
though Model B is more parsimonious than Model A, phylogenetic data suggest many 
independent duplications of ancestral β-globin gene in amniotes, favouring Model A. Note: The 
different colours of these genes do not imply orthology unless specified by dashed lines 
between genes. The lizard globin genes are not colour-coded as their expressions have not yet 
been studied. The figure is not drawn to scale. 
 
 
The globin clusters are a part of large evolutionarily conserved regions 
In chapter 2 I described comparative studies of the globin flanking regions, in the 
platypus and other jawed vertebrates, which suggests that the α- and β-globin loci are 
each part, not only of a small conserved region, but also of large evolutionarily 
conserved blocks. 
 
Using the fine resolution of the platypus α-globin BAC clone sequence, I was able to 
demonstrate that MPG, C16orf35, GBY and LUC7L flank the platypus α-β globin locus 
in a ~150 kb region. This region was also found to be present in the genomes of human 
(spanning ~155 kb), opossum (~250 kb), chicken (~165 kb), frog (>250 kb), zebrafish 
(~30 kb) and pufferfish (~40 kb). All of these regions contained the same set of genes 
arranged in the same order MPG-C16orf35-(α-β)-GBY-LUC7L, although some genes 
were secondarily lost in some lineages. Likewise I found that in the genomes of lizards 
(Chapter 4), α-globin clusters are flanked by orthologues of the same genes (MPG, 
C16orf35, GBY and LUC7L). This helped me to reconstruct the arrangement in the 
common ancestor of reptiles in the order MPG-C16orf35-(α)-GBY-LUC7L, with GBY 
lost in birds and the β-like HBW lost in all reptiles.  
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In turn, this conserved segment is part of a much larger region flanked by POLR3K and 
AXIN1, synteny of which is conserved in 22 species that diverged 500 million years 
ago. This ancestral region (extending from ~135 kb to ~248 kb in the human genome) 
contained all the α-globin genes, their cis-acting elements and flanking genes (Flint et 
al., 2001, Hughes et al., 2005). This implies that the genomic context of the amniote α-
globin clusters are the same as fish and frog α-β globin clusters, and that their location 
in a much larger evolutionarily conserved region implies that the whole region is 
ancient, and has been preserved over a long evolutionary time (Figure 3). 
 
In contrast, the flanking region of the amniote β-globin cluster points towards quite a 
different origin. I found that the platypus β-globin cluster, like the β-globin clusters of 
other mammals and birds, shared no flanking genes with the platypus α-globin cluster, 
or with the frog and fish α-β globin clusters (Bulger et al., 1999, Gillemans et al., 2003, 
Hardison, 2005), as would be predicted by a hypothesis that this cluster originated by 
whole genome or regional duplication of the α globin cluster. Instead, all amniote β-
globin clusters, spanning 315 million years of evolution, were embedded in a large 
region of olfactory receptor (OR) genes flanked by singleton genes ILK, CCKBR at the 
5′ end and RRM1 at the 3′ end. This ancient arrangement has been broken up in some 
groups; for instance in teleost fish and frogs, I found ILK, CCKBR and RRM1 to map 
separately to distinct chromosomes, distant from any α or β globin genes.  
 
The genomic context of the amniote β-globin clusters within ORG regions and distant 
from α-globin clusters suggests insertion of an ancestral globin gene within a different 
large evolutionary conserved region containing ILK-CCKBR-OR-(β)-OR-RRM1 in the 
common ancestor of amniotes (Figure 3). This order has been conserved in almost all 
contemporary amniotes, except for dragon lizard, in which I found a breakpoint 
between CCKBR and the β-globin cluster that interrupted this region. Without sequence 
from other lizards, it is not possible to determine at what point this rearrangement 
occurred, and without a refined search, it is not possible to determine the outer limits of 
this conserved region. 
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Figure 3: Conserved synteny across jawed vertebrates 
Identification of the conserved region of synteny is based on flanking genes. The region shown 
in yellow between flanking genes POLR3K (light blue box) and AXIN1 (red) contains the 
ancestral region MPG-C16orf35-αn-β-GBY-LUC7L. Some genes in this region were deleted, 
duplicated or rearranged in some lineages (e.g. zebrafish). The region (blue) between flanking 
genes CCKBR (purple) and RRM1 (orange) contains ORn-βn-ORn in amniotes, but not in fish. 
Mapping data from frog is lacking. Note: Chromosomes and conserved regions are not drawn to 
scale. 
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The ILK-CCKBR-OR-(β)-OR-RRM1 region is conserved in marsupials but has 
received another transposition 
At the time this study commenced, the genome of only one marsupial species, the 
Brazilian short-tailed opossum (Monodelphis domestica) was being sequenced, but its 
physical map was very incomplete. The opossum genome browser (monDom4 Jan. 
2006 in the UCSC Genome Browser) had not assigned the location of β-globin cluster 
to any of the chromosomes, although RRM1 was assigned to chromosome 4 and 
CCKBR to chromosomes 4 and 5. However, I found that, unexpectedly, in the site 
between CCKBR and RRM1 lay an orthologue of another gene FTSJ1 that is located on 
the X chromosome in humans. From this analysis, it is uncertain whether the ILK-
CCKBR-OR-(β)-OR-RRM1 arrangement is conserved in any marsupial species.  
 
To determine whether this arrangement was conserved in marsupials, I investigated the 
genome of an Australian model marsupial, the tammar wallaby (Macropus eugenii). 
The tammar genome was next in the line for sequencing, but at a much lower depth of 
coverage (2x) compared to opossum (6x). Finding the locations of the β-globin cluster 
and its flanking genes was not only important to this study, but would contribute to 
building the physical map for the tammar wallaby sequencing project. To investigate 
globin gene arrangement and location in the tammar, I first screened the tammar BAC 
library for β-globin and the flanking genes ILK, CCKBR, RRM1 and FTSJ1, and then 
mapped the positive BAC clones containing these genes onto the metaphases using 
FISH. The results of this study are presented in a published manuscript by Deakin et al. 
(2008) (Appendix 1).  
 
My FISH results showed that the β-globin cluster, ILK, CCKBR, RRM1 and FTSJ1, all 
mapped to the long arm of tammar chromosome 5 at 5q3 (Figure 4), suggesting that the 
β-globin cluster was indeed flanked by ILK, CCKBR and RRM1 in this marsupial 
species. This is consistent with the hypothesis that insertion of the β-globin gene into an 
ORG-containing region occurred earlier and was retained in marsupials.  
 
The unexpected presence of FTSJ1 immediately adjacent to the β-globin cluster in the 
tammar suggested a recent insertion of this gene into the ILK-CCKBR-OR-(β)-OR-
RRM1 region early in the marsupial lineage. This was confirmed when I later observed 
the same set of genes in the order ILK-CCKBR-OR-FTSJ1-OR-(β)-OR-RRM1 in the 
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updated genome browser of opossum (monDom5 Oct. 2006). Therefore, results from 
both the tammar and opossum suggested that the insertion of FTSJ1 between CCKBR 
and β-globin cluster occurred at least 55-80 MYA, since the American and Australian 
marsupial lineages both show this order. 
 
 
 
Figure 4: Chromosomal location of ILK, RRM1, CCKBR, HBB (β-globin) and FTSJ1 in 
the tammar wallaby.  
Single colour fluorescence in situ hybridisation showing locations of these genes onto 
5q3 (green). Chromosomes are counterstained with DAPI (red). 
 
Contradictory localizations of tammar β-globin resolved 
The high resolution and efficiency of the mapping techniques used here not only 
provided the first accurate localization of β-globin genes in the tammar, but also cleared 
up confusion from contradictory mapping data in the literature. This resolution is 
important because the correct map positions provide insight into chromosome 
homology across other marsupial species.  
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My FISH mapping of β-globin-containing BACs in the tammar completely contradicted 
the early mapping data of Sinclair and Graves (1991). Sinclair used a β-globin (HBB) 
cDNA from a dasyurid marsupial, Didelphis viverrinus, as a probe to map the location 
on tammar chromosomes using radioactive in situ hybridisation (RISH). These authors 
also mapped two other markers, HRAS (cellular oncogene homolog of Harvey rat 
sarcoma virus V-Haras 1) and CAT (catalase), which are syntenic to HBB on human 
chromosome 11p. The HRAS-HBB-CAT genes appear to be part of a conserved synteny 
group found in most eutherian mammals. Sinclair reported that all three genes were 
located in a region on the long arm of chromosome 3 (3q3.1) in the tammar wallaby 
(Figure 5A), suggesting that HRAS-HBB-CAT synteny is also conserved in marsupials.  
 
However, these early results were inconsistent with the more recent, but indirect study 
by De Leo et al. (2005). They cloned a BAC containing the β-globin cluster from the 
fat-tailed dunnart (Sminthopsis crassicaudata) and mapped it to dunnart chromosome 
3q. Although De Leo and colleagues did not clone or map the tammar β-globin gene 
directly, they were able to predict its location from her study of chromosome homology 
between marsupial species. They used DNA “chromosome paints” from flow sorted 
tammar chromosomes to detect homologies in dunnart chromosomes, discovering that 
dunnart chromosome 3q is homologous to tammar chromosome 5 (De Leo et al., 1999). 
Hence, De Leo et al. (2005) predicted the location of the β-globin cluster to be on 
tammar 5q rather than 3q (Figure 5B). 
 
The present FISH mapping results (Appendix 1) confirmed directly that the β-globin 
cluster indeed lies on tammar 5q3 (Figure 5C). This confirmed the prediction by De Leo 
et al. (2005) and refuted the conclusions of Sinclair and Graves (1991). Thus, 
chromosome homology between closely related species allows reliable and consistent 
predictions of gene position. This is an important point to establish, because full 
genome sequences are now available for only two model marsupial species, the tammar 
wallaby and the opossum. However, using the painting homology right across all 
marsupial groups established by Rens et al. (2004), it should be possible to predict the 
location of any gene in any marsupial species. 
 
My results also implied that RISH mapping using small heterologous probes provides 
unreliable and inconsistent gene locations. There are several factors that make RISH 
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less sensitive and efficient. Firstly, Sinclair and Graves (1991) used cDNA probes from 
distantly related species (D.viverrinus and human). Since the level of sequence 
conservation decreases as the phylogenetic distance increases, heterologous probes 
hybridise much more weakly to the target gene region, reducing the binding between 
probe and target site, and decreasing the sensitivity of hybridisation. The cDNA probes, 
as well as being heterologous, were much smaller than the BAC clones used here, so the 
amount of probe DNA bound by the target is much smaller and the signal is weaker, so 
that detection is much less sensitive. The lower efficiency of radioactive decay, means 
that detection must rely on counting radioactive grains over all chromosomes in many 
cells (typically more than 100), thus background accumulates and statistical analysis 
must be used to demonstrate that the signal peak is significantly above background 
(Ewens et al., 1992). These factors undoubtedly compromised the sensitivity and 
efficiency of the older physical gene mapping by RISH. This is important because most 
of the older gene assignments relied on RISH data, and there has been a serious 
question about whether they should be included in a comparative map of this important 
model species (Alsop et al., 2005). 
 
 
Figure 5: The β-globin localization in the tammar wallaby using different mapping 
approaches. 
i) Localization of β-globin by hybridising a radioactive D.viverrinus HBB cDNA probe to the 
tammar 3q using RISH ii) Prediction of β-globin location by chromosome painting, showing 
that dunnart 3q (where dunnart β-globin maps) is equivalent to tammar 5. iii) In the present 
study, the location of the β-globin cluster was directly determined by FISH to be near the 
terminus on tammar 5q3, near ILK, CCKBR, RRM1 and FTSJ1. 
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Evolution of α- and β-globin clusters in amniotes 
The study of globin gene clusters in the platypus, green anole, dragon lizard and tammar 
wallaby allowed me to achieve the main aim of this project, that is, to challenge the 
hypotheses for the evolution of α- and β-globin clusters in amniotes.  
 
Jefferys et al. (1980) were the first to put forward a theory based on the observation that 
amphibians, as an outgroup, possessed a cluster containing both α- and β-like globin 
genes, but amniotes possessed distinct clusters for these globin genes. According to 
their hypothesis, ancestral α and β globin genes separated before the evolution of 
amniotes as the result of a break between both genes (chromosome fission), perhaps 
followed by translocation. This theory had been widely accepted for more than two 
decades until research into marsupials suggested a radically different model for globin 
gene evolution. 
  
The theory that had gained general acceptance by the time my work was initiated was 
put forward by Wheeler et al. (2001 and 2004) on the basis of their finding of a β-like 
HBW adjacent to the α-globin cluster. The authors suggested that the amniote α- and β-
globin clusters evolved from a duplication (segmental, chromosomal or whole genome) 
of a region that contained the ancestral α-β region. The two copies of the region 
underwent differential gene loss in bird and mammalian lineages. According to this 
model, the bird β-globin clusters were paralogous to the mammalian β-like globin 
clusters.  
 
However, my observations of the phylogenetic and flanking analyses contradict this 
model because markers that flank α- and β-globin clusters are completely different in 
all amniotes.  
 
The data presented in Chapter 2 clearly showed that: 
1) The genome of the platypus, like those of marsupials, contains a β-like HBW 
adjacent to the α-globin cluster, which is not present in any reptile or eutherian 
mammal. 
2) Sequences of marsupial and monotreme HBW group together as an outgroup to 
all bird and mammalian β-like globin genes, suggesting that HBW is more 
ancestral than amniote β-like globin genes.  
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3) The bird β-like globin genes grouped as a sister to mammalian β-like globin 
genes, suggesting an orthologous, rather than paralogous, relationship of the bird 
and mammalian β-globin clusters. This conclusion is consistent with the results 
of Aquileta et al. (2006a) and Opazo et al. (2008b) whose work also produced 
similar phylogenetic trees but lacking the platypus data. 
4) The flanking regions of the amniote α- and β-globin clusters are totally 
different; α-globin resides in an ancestral region that has been conserved for 
about 500 million years, whereas β-globin was inserted quite recently into a 
region containing OR genes that has been conserved for some 315 million years. 
This, too, provided evidence that the bird β-globin cluster was orthologous (not 
paralogous) to the mammalian β-globin cluster.  
 
These results clearly refuted the in trans duplication theory by Wheeler et al. (2001 and 
2004). Rather, my results suggested an alternative model for the evolution of α- and β-
globin clusters in amniotes, which is much simpler than previous models. 
 
Transpositional model for the evolution of the amniote β-globin cluster 
According to the transpositional model, all amniote α-globin clusters were derived from 
the ancestral region containing MPG-C16orf35-(α-β)-GBY-LUC7L, that has been 
conserved since the evolution of jawed vertebrates (410 MYA), except for their loss in 
some species of genes HBW and/or GBY. However, the amniote β-globin cluster 
originated in an ancestral amniote just before divergence of reptiles and mammals (315 
MYA) by transposition of a single copy of the β-globin gene from this ancient region, 
and was inserted into another region containing a sea of OR genes flanked by ILK, 
CCKBR and RRM1. It then duplicated and diverged further to result in β-globin clusters 
in contemporary reptiles, birds and mammals.  
 
This model was further elaborated by studies of the genome of the dragon lizard 
(Chapter 4B) that showed the presence of two unlinked clusters; the C16orf35-(α)-GBY 
on a pair of micro-chromosomes, and the (β)-OR-RRM1 on 3q. In Chapter 3, I outlined 
some possible ways in which this transposition could have taken place. 
 
 157 
A particularly interesting question raised by the transpositional hypothesis is the effect 
that transposition might have had on genes and regulatory regions.  
 
Effect of transposition on regulatory regions 
The transposition model easily accounts for the evolution of α- and β-globin genes in 
amniotes, but questions surrounding the evolutionary origins of the regulatory regions 
for the α- and β-globin loci in amniotes are difficult to answer.  
 
In Chapter 5, I reported investigations of this question further by characterising the cis-
regulatory regions of the platypus α- and β-globin clusters. I found the platypus α-
globin major regulatory element (MRE) in the fifth intron of an adjacent gene, 
C16orf35, conserved with those of other mammals, chickens and teleost fishes. This 
suggests that the regulatory region evolved at the same time as α- and β-globin genes 
first duplicated from an ancestral primordial globin gene about 500 MYA (Flint et al., 
2001). The MRE has since been conserved to some extent in sequence, transcription 
factor binding sites and its ability to enhance gene expression amongst jawed 
vertebrates, reflecting the ancient origin of the regulatory, as well as the structural 
genes, in the α-globin locus.  
 
Conversely, exhaustive searches for a platypus β-globin regulatory region failed to 
identify a regulatory element conserved either between platypus and therian mammals, 
or platypus and chicken. Instead, I found a unique hypersensitive site that I suggest is a 
part of the regulatory region for platypus β-like globin genes The available data do not 
allow me to distinguish whether the β globin gene carried some regulatory sequences 
when it transposed, which then duplicated and diverged, or whether it acquired 
regulatory sequences that lay near to its insertion site, or evolved new regulatory 
regions after the insertion of the transposed β-globin gene.  
 
Whatever the origin of the regulatory sequences, their sequence divergence implies that 
they must have evolved either very rapidly, or independently in birds, monotremes and 
therians. The availability of sequences from other amniotes would make it possible to 
distinguish between these models by allowing the use of bioinformatics approaches to 
efficiently identify their regulatory regions and compare them across a broad range of 
species, revealing whether these regions are highly conserved or unique. This would 
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help clarify the origin of these regulatory sequences as well, for example, complete lack 
of conservation would mean that they originated independently.  
 
Future directions 
This study has brought us a step closer to understand globin gene organization, 
function, regulation and evolution in amniotes. However, there is still more research 
needed to fill in the missing pieces of the puzzle.  
 
First, to gain a broader insight into their gene content, arrangement, expression, function 
and evolution, sequence information is needed for the entire α- and β-globin clusters in 
non-avian reptiles such as snakes, tuatara, turtles and crocodiles. The next throughput in 
scientific revolution will be international moves to sequence genomes of 10,000 
vertebrate species, approximately one for every vertebrate genus (Genome 10K 
Community of Scientists (G10KCOS, 2009)). With sufficient depth and complete 
assembly, one can obtain sequences covering the entire α- and β-globin clusters in 
many different species. Using the bioinformatics tools used in this study, all globin 
genes and their regulatory regions could be characterised in a range of amniotes. This 
would then help answer questions of the origin and evolution (and possible loss) of 
GBY, HBW, embryonic α- and β-like globin genes and/or any other novel globin gene.  
 
It will also be necessary to study the expression of all globin genes throughout 
development using RT-PCR or micro-array techniques to further advance our 
understanding of the function of different globin genes in reptiles. Comparison of 
expression profiles with those in birds or mammals should furnish clues about the 
possible functions of these globins in non-erythroid cells, and the evolution of these 
functions over time in amniotes. Importantly, research into globins of more reptile 
species will facilitate phylogenetic studies. Exploring their true relationship with other 
globin genes, in particular, the β-globins, will provide answers to many evolutionary 
questions.  
  
Secondly, even though my study shows that the origin of the amniote β-globin locus is 
by transposition of a copy of an ancient globin to a new site, it is not possible to 
distinguish between very different hypotheses to explain how the globin regulatory 
elements originated and how they evolved. It will be necessary to find the regulatory 
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elements of the platypus (and its one relative, echidna) β-globin locus, by searching 
further fields in the genome, using a bioinformatics approach or an experimental 
approach such as chromatin immunoprecipitation (ChIP), which determines the location 
of genomic transcription factor binding sites via immunoprecipitation of an endogenous 
transcription factor. 
 
Understanding the origin and mechanism of these regulatory regions will be important 
in understanding how the cascade of regulatory elements ensure an equal expression of 
α- and β-globins in erythroid cells, as well as solving the mystery of their expression 
patterns in non-erythroid cells of the platypus. This search could be widened to the other 
monotreme species, the echidna, as well as to other reptiles, and would explicitly 
answer whether some regulatory elements were also transposed with the β-globin gene 
into the new region or not. If the regulatory regions of the echidna and platypus, non-
avian reptiles and birds are similar, this would mean that regulatory elements were 
transposed with the β-globin gene, or were supplied at by neighbouring sequences at the 
transposition site, but evolved very rapidly in some species. Alternatively, if their 
regulatory regions show little similarity in sequences, locations and functions, this 
would suggest that the regulatory elements evolved independently after the 
transposition event.  
 
Finally, we lack direct evidence that the α-β-GBY arrangement is ancestral. It is 
important to confirm the arrangement in amphibians to provide support to this study, 
perhaps by mapping these genes in Xenopus tropicalis. It would be extremely helpful to 
study other amphibians, and more frogs from different cohorts to clarify the order and 
timing of HBK duplication, the location of α-β-GBY on one or two chromosomes using 
FISH, and the expression pattern of the α- and β-like globin genes at different stages of 
development and in different tissues using RT-PCR or micro-array technologies. This 
information will then provide constructive comparisons with amniotes and help 
strengthen all hypotheses concerning the duplications and divergences that occurred at 
the stem of tetrapod evolution. 
 
Globin genes provide of the best-studied systems for exploring genome structure, 
function and evolution. New data will advance the iterative process of discovery. More 
research into other species will help make our understanding of the evolution of α- and 
β-globin genes, their functions, clusters and regulatory regions much clearer. 
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